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The amphiphile association behavior of Aerosol OT (sodium 
di-2-ethylhexylsulfosuccinate) and p-xylene in combination 
with mixtures-of different ratios of glycerol/water systems 
was studied and compared to that in the corresponding water 
and glycerol systems. The presence of glycerol strongly 
destabilized the inverse hexagonal liquid crystal phase 
observed in the aqueous system. The glycero 1 showed more 
ability to penetrate into the amphiphile bilayer than water in 
the lamellar liquid crystal phase. The influences of water and 
glycerol on the organization of amphiphile in the lamellar 
liquid crystal phase are of the same order. 
The gross diffusion coefficient for 1% 2,4-diamino-6-
piperidinopyrimidine-3-oxide in a liquid crystalline vehicle 
(phosphatidyl choline 65%, propylene glycol 304, and water 5% 
by weight) in contact with a model sebum was determined by a 
direct analysis. Concentration profiles of 2,4-diamino-6-
piperidinopyrimidine-3-oxide as a function of distance from 
the initial dividing surface for the vehicle-vehicle, model 
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Amphiphilic molecules in an aqueous solution may undergo 
stepwise association to form micellar and mesomorphic 
structures. In this manner the unfavorable contact between 
the nonpolar portions of the amphiphile and the water is . 
avoided while the favorable interactions of the polar groups 
with the aqueous medium are retained. Tanford (1) has 
appropriately entitled this phenomena as the "hydrophobic 
effect" which is the driving force behind the association 
structure formation. 
The dualistic character of amphiphilic compounds in 
having both hydrophilic and hydrophobic parts is the basis of 
their relation to both external and internal interfaces in 
aqueous systems. 
The adsorption of amphiphilic molecules to macroscopic 
surfaces, which leads to an important reduct ion Qf surface and 
interfacial tension, is a most conspi.cuous feature which 
finds a steadily range of technological 
applications. 
An alternative way of eliminating the energetically 
unfavorable contact between the nonpolar portions and water 
while simultaneous retaining the polar portions in an aqueous 
environment is the self-association of the amphiphilic 
compounds. Amphiphile association is generally strongly co-
operative and can depend on conditions (e.g. concentration,· 
2 
temperature, etc.) which give aggregates of different sizes 
and geometries. Transitions between geometries can occur 
gradually with a single-phase region or can be connected with 
a phase change. Investigations of these phase changes 
constitut~ a very important aspect of amphiphile association 
and give a basis fot much theoretical work. 
The association behavior of amphiphile mole'cules in 
aqueous systems has attracted intense interest since the 
pioneering introduction of micelles by McBain (2). 
Investigations have been through a wide field such as 
amphiphile association structure (3-6), physical-chemical 
properties of amphiphile solution (7-8), the influence of 
amphiphile association structures on the properties of 
disperse systems (9,10), foams (11), and the relationship 
between amphiphile association structures and biological 
systems ( 12-14). Applications have been extended to fuels 
(15-17), tertiary oil recovery (18), lubrication, and 
catalysis ( 19). Recently, critical phenomena in aqueous 
micellar solution have been studied by light scattering and 
small angle neutron scattering (20, 21). 
Recently, the study of amphiphiles has been extended 
from aqueous systems to nonaqueous systems including nonpolar 
(22,23) and polar (24) organic solvents. Though the 
investigations on. nonaque9us systems began much later and 
have progressed much more slowly than on aqueous systems, they 
are worthy of interest from both scientific and practical 
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points of view. For this reason, many investigations have been 
pursued during the past ten years than earlier. 
Glycerol, which has been widely used in industry (25), 
was frequently chosen as the model nonaqueous polar solvent. 
Owing to this feature, mixtures of glycerol and water with 
different weight ratios were used as solvents in combination 
with Aerosol OT (sodium di-2-ethylhexyl sulfosuccinate) and 
p-xylene to study phase behavior and amphiphile association 
structure. This study is meaningful since the investigations 
can provide information as to what extent the amphiphi le 
association structures are influenced in nonaqueous system by 
the presence o£ water. This experimental procedure is 
described in section VI part A. 
Recently, the application of liquid crystalline material 
has been incorporated into drug delivery vehicles in ointment 
preparations (26). The total therapeutic effect of 
percutaneous preparations depends not only on the action of 
the drug itself, but also on other factors related to the 
structure of the vehicle (27,28). These latter factors may be 
divided into two main groups. The first group contains 
vehicle-barrier interactions. The diffusion of the active 
drug through the barrier may be facilitated or retarded 
depending on the vehicle chosen. The second group includes 
vehicle-drug interactions. This involves the diffusion rate 
of the drug through the vehicle itself. 2,4-diamino-6-
piperidinopyrimidine-3-oxide is a potent oral vasodilator 
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which a~ts directly on vascular smooth muscle and is usually 
used to control severe hypertension. It has gained the 
attention of dermatologists because it causes a reversible 
hypertrichosis in most patients who receive systemic 
therapeutic doses for one month or longer (29, 30). Due to this 
side effect, hypert.richosis, it was considered to be used as a 
method of treatment for hair loss. Recently, several 
published papers have associated 2,4-diamino-6-
piperidinopyrimidine-3-oxide to hypertrichosis and reversal 
of male pattern bal,dness ( 31-34). 
In the present clinical applications of 2,4-diamino-6-
piperidinopyrimidine-3-oxide, a 1-5l concentration of this 
drug is applied in an alcohol vehicle (70% ethanol, 20% water, 
and 10%, 1,2-propylene glycol). This vehicle used is not in its 
maximum advantage. Since the absorption rate is a function of 
activity, the concentration of 2,4-diamino-6-
piperidinopyrimidine-3-oxide which is not near the saturation 
points in the alcohol vehicle indicates that recent reported 
rates of absorption can be expected to be less than the 
maximum achievable. In addition, fast evaporation of alcohol 
from the clinically prepared vehicle may produce crystals. 
A liquid crystalline vehicle, on the other hand, would 
offer the advantage of a thermodynamically stable cream and 
allo a maximum thermodynamic activity of 2,4-diamino-6-
piperidinopyrimidine~J-oxide can be easily achieved by 
saturation of the solvent phase because the solvent 
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consititutes only a small part of the total system. Another 
advantage of application of . a liquid crystalline material 
instead of solution, ia its potentially favorable effect on 
maintenance of healthy skin considering the recently 
discovered structure of the lipid part of the stratum corneum 
( 35,36). Furthermore, liquid crystal! ine materials are not 
liquid and will stay on the skin surface. Their rheological 
properties also make them suitable for investigations in 
diffusion rate studies. 
Although the mechanism of the reactivation of follicular 
cell division by 2,4-diamino-6-piperidinopyrimidine - 3-oxide 
is not clear, ·it is suggested that the presence of 2,4-
diamino-6-piperidinopyrimidine-3-oxide in the lower region 
of the hair follicle could be of primary importance to the 
mitotic activity of the lower follicular region. Since the 
outermost layer of skin, known as the epidermis, consists of 
stratified keratinizing epithelium whose final function is to 
produce a water and bacteria impermeable barrier primary 
consisting of keratin, the diffusion of 2,4-diamino-6-
piperidinopyrimidine-3-oxide through this layer is 
difficult. On the contrary, a path for 2,4-diamino-6-
piperidinopyrimidine- 3-oxide to diffuse through and reach the 
lower region of skin is provided by the hair follicle canal 
which is filled with sebum, secreted from the sebaceous gland. 
With this in mind, the interaction between the liquid 
cr~stalline vehicle and sebum is important. In choosin& a 
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liquid crystalline material as a carrier for 2,4-diamino-6-
piperidinopyrimidine- 3-oxide, there are several factors to be 
taken into consideration. However, the main factor is the 
selection of a chemically compatible reagent which 
solubilizes the sebum lipids and facilitates the passage of 
2,4-diamtno-6-piperidinopyrimidine-3-oxide to the lower hair 
follicle region. Propylene glycol was used in light of this 
consideration and also because of the good solubility of 2,4-
diamino-6-piperidinopyrimidine-3-oxide in it. 
Phosphatidyl choline and water were us~d in combination 
with prophylene glycol to form a liquid crystalline material. 
Section VI part B will .describe the measurement of the 
diffusion of 2,4-diamino-6-pip~ridinopyrimidine-3-oxide in 
model sebum in contact with the liquid crystalline material. 
II. AMPHIPHILE CHEMICAL STRUCTURE AND ITS 
PitAS£ BEHAVIOR 
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The molecules at a surface have higher potential 
energies than those in the interior in a one- component system. 
This is because they interact more strongly wi~h the molecules 
in the interior of the substance than they do with the widely 
spaced gas molecules above it. Work is therefore required to 
bring a molecule from the interior to the surface. 
Surfactants have a characteristic molecular structure 
consisting of a structural group that has very little 
attraction for the solvent, known as lyophobic group, 
together with a group that has strong attraction for the 
sol vent, called the lyophi 1 ic group. This is known as an 
amphiphilic structure. When a surfactant is dissolved in a 
solvent, the presence of the lyophobic group in the interior 
of the solvent causes a distortion of the ·solvent liquid 
structure, increasing the free energy of the system. In an 
aqueous solution of a sU"rfactant this distortion of the water 
by the lyophobic (hydrophobic) group of the surfactant, and 
the resulting increase in the free energy of the system when 
it is dissolved, means that less work is needed to bring a 
surfactant molecule than a water molecule to the surface. The 
surfactant therefore concentrates at the surface. 
Since less work is now needed to bring molecules to the 
surface, the presence of the surfactant decreases the work 
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needed to create a unit area of surface (the surface tension 
or surface free energy). On the other hand, the presence of 
II. 
the hydrophilic group prevents the surfactant from being 
expelled completely from the solvent as a separate phase, 
since that would require desolvation of the hydrophilic 
group. The amphiphilic structure of the surfactant therefore 
causes not only concentration of the surfactant at the surface 
and reduction of the surface tension of the solvent, but also 
orientation of the molecule at the surface with its 
hydrophilic group in the aqueous phase and its hydrophobic 
group oriented away from it. The chemical structures of the 
hydrophobic and hydr9philic portions of the surfactant 
molecule vary with the nature of the solvent and the 
conditions of use. In a highly polar solvent such as water, 
the hydrophobic group may be a hydrocarbon or fluorocarbon or 
siloxane chain of proper length, whereas in a less polar 
solvent only some of these may be suitable (e. g., fluorocarbon 
or siloxane chains in polypropylene glycol). In a polar 
solvent, ionic amphiphiles of highly polar groups may act as 
hydrophilic groups, whereas in nonpolar solvent such as 
heptane they may act as lyophobic groups. 
As the temperature and chemical conditions (e.g., 
presence of electrolyte or organic additives) vary, 
modifications in the structure of the hydrophilic and 
hydrophobic groups may become necessary to maintain surface 
activity at a suitable level. Thus, for surface activity in a 
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particular system the surfactant molecule must have a 
chemical structure that is amphiphatic in that solvent under 
the conditions of use. 
Amphiphilic compounds which form colloidal structures in 
aqueous system have a wide range of variability both in the 
polar and nonpolar parts and classifications based on either 
feature are in current use. 
A very useful division is into ionic and nonionic 
amphiphiles depending on whether the polar head has a net 
charge or not. Thus. as a reuslt of the electrostatic 
interactions among charged molecules and among charged 
aggregates, co-operativity of self-association as well as 
phase behavior are different for nonionic and ionic 
compounds. Ionic amphiphilies are naturally divided into 
anionic (the surface-active portion of the molecule bears a 
- + - + 
negative charge, for example, R-COO Na , RC6H4so 3 Na etc.) 
and cationic (the surface-active portion bears a positive 
charge, for example, etc.) 
classifications.. 
Nonionic amphiphiles cover a wide range of different 
polar groups. The important class of nonionic amphiphiles is 
that of zwitterionic compounds with polar heads such as RP04-
• + - + (CH2 )0 -N (CH3 )3 , RN (CH3 )2-(cH2 )0 -so3 and RN (CH3 ) 2 -(cH2 ) 0 -
C02. (n is a small number and R is an alkyl chain or a more 
complex hydrophobic part) Another currently much studied 
class of compounds is that of polyethylene oxide surfactants, 
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C (EO) • y representing the number of carbons in an n-alkyl y X 
chain and x representing the number of ethylene oxide groups. 
Most surfactants have a single n-alkyl chain, but other 
alkyl chain hydrophobic systems such as double- chain 
systems and branched hydrocarbon chains -- and hydrophobic 
portions with other chemical compositions are of great 
interest. Of the latter, fluorocarbon derivatives are 
especially significant. Both flourination and bulkiness of 
the nonpolar part have very marked effects on micellization 
and phase behavior. Examples of amphiphiles with bulky 
nonpolar parts are Aerosol OT and lecithin. 
The phase equilibria of amphiphile systems are, as for 
other systems. governed by the Gibbs phase rule 
f = c - p + 2 
giving the relation between the degrees of freedom, f, the 
number of components, c, and the number of phases, p. The 
number of degrees of freedom increases with the number of 
components and, therefore, the complexity of the phase 
diagram increases significantly as the number of components 
increases. The succession of regions in a phase diagram is 
governed by the phase rule, while the relative amounts of two 
or three phases in equilibrium are given by the lever rule. 
Studies of phase equilibria are of both theoretical and 
technical interest. 
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Phase diagrams of pure amphiphiles are quite complex and 
there is generally a sequence of phase (waxy, superwaxy, 
lamellar, etc.) intermediate between the solid and the liquid 
states. Systems which contain water and often one or more 
additional substances will also be dealt with. 
A very large number of two-component systems have been 
studied with respect to the influence of ~omposition and 
temperature on the phase stability. Three-component systems 
are generally studied under isothermal conditions and 
included third components such as hydrocarbons, alcohols of 
different lengths, fatty acids and simple electrolytes. These 
phase diagrams are visualized in a triangular representation 
such that there is 1004 of one component at one apex; the 
composition is obtained as the distance from the opposite base 
of the triangle. In general, compositions are given as weight 
percentages for reasons of convenience and clarity of 
representation. 
Especially in connection with microemulsions (cf. 
below), the study of four-component systems of surfactant, 
hydrocarbon~ alcohol (~ften termed cosurfactant) and water 
has become important. Isothermal phase diagrams of four-
component systems may be illustratively represented in a 
tetrahedron where each apex represents one pure component and 
the distance from the opposite triangle gives the amount of 
the component. The extension of single-phase regions for the 
simplified case of a fixed proportion between two componen~s 
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may b~ made with the triangular representation taking the 
combination of two components as a "pseudocomponentu. 
However, it should be realized that the equilibria between 
phases cannot be represented in this way, since the ratio 
between two components constituting a pseudocomponent will in 
general be different in two phases in equilibrium and thus 
different from the overall ratio. 
Five component systems of surfactant, cosurfactant 
hydrocarbon, water and electrolyte have also been studied to 
some extent, but here it is apparently very difficult to 
illustrate the phase behavior. One often chooses water and 
salt to be one pseudocomponent. 
Phase diagrams consist of single-phase regions, giving 
the stability ranges of the pure phases, and multiphase zones. 
Within the latter, the relative amounts of different phases 
are given by the lever rule. The phases appearing are 
isotropic solution phases. liquid crystalline phases and 
various solid phases. The latter appear below the amphiphile 
chain melting temperature or the freezing point of water. The 
stability ranges and the appearance of different phases are 
strongly dependent on the chemical structure of the 
amphiphile. For example, for ionic surfactants with a single 
alkyl chain, there is a usually wide range of water- rich 
solution phase and liquid crystalline phase formed which are 
generally the ru>rmal hexagonal and lamellar ones. For double-
chain ionic surfactants, the water-rich isotropic solution 
13 
phase has generally a very limited extension, while there are 
wide ranges of lamellar and reversed hexagonal phase. In the 
presence of a hydrocarbon, an extensive hydrocarbon-rich 
solution phase generally forms. 
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III~ WATER BASED AMPHIPHILE ASSOCIATION STRUCTURES 
Amphiphiles are compounds which have both polar and 
nonpolar portions on each molecule. Due to their dual nature. 
amphiphiles tend to form association structures when they are 
introduced into a ~ater based system. In aqueous systems of 
amphiphilic compounds there is a wide variety of structures 
and phases; each phase has a basic structure, but for one and 
the same phase the structure may undergo large or small 
modifications. 
In these systems the various structures follow each 
other in a definite sequence, which is related to the 
proportion of water and amphiphile. When there is more than 
one amphiphilic or lipophilic compound present, the 
structures are related to the variations in the proportions of 
these compounds. 
Amphiphile association structures vary with 
experimental conditions such as concentration, components and 
temperature etc. The following sections introduce the 
different association structures which may form with the 
amphiphile in aqueous systems. 
A. MONOLAYER 
When amphiphilic molecules are introduced into water. 
the strong intermolecular attraction of water (i.e. the 
strong hydrogen bonding) presents the unfavorable contact of 
• 
15 
water molecules with the hydrocarbon tails of the 
amphiphiles. The amphiphile molecules are forced to the 
interface between water and air with the hydrocarbon chain 
toward the air and the polar group in the water region. A 
monolayer (37) of amphiphile is then formed and becomes 
saturated as the amount of amphiphi le is increased. 
B. NORMAL MICELLES 
1. Formation of Micelles 
Even though when added to water amphiphiles prefer to 
stay at the interface and form a monolayer, there are some 
amphiphiles which remain in the water region and undergo self-
association to give small aggregates such as dimers, and 
trimers. As the concentration of amphiphile is increased, the 
aggregation number increases by stepwise self-association. 
When the aggregation number are large · enough, aggregates can 
form with a core composed of the inward-facing hydrophobic 
hydrocarbon chains of the amphiphilic molecules, while the 
hydrophi 1 ic polar groups face outwards towards the continuous 
aqueous region. This kind of aggregate is known as a normal ~ 
micelle (Figure 1). The process of micelle formation is called 
"micellization". The driving force for the formation of 
normal micelles is explained by the hydrophobic effect (38). 
The positive entropy change with the release of water 
. 
molecules from contact with hydrocarbon is the major 
cont r~.but ion to the favorable free energy of micellizat ion. 




The formation of micelles occurs when the concentration 
of amphiphile exceeds a certain value. The concentration at 
which micelles begin to form is called the "critical 
micellization concentration (CMC)". Over a rather wide range 
of concentrations above the CHC the properties of the micellar 
substance have been found to remain virtually constant in all 
respects. The micelles here are more or less spherical, with a 
constant size and a constant number of bound counterions and 
water molecules. In this region the solubilization of 
lypophilic and amphiphilic organic compounds increases 
linearly with the amount of micellar substance. The micellar 
structure undergoes a change with large concentration 
increases due to the fact that the micelles have approached so 
close to each other that there has been a disturbance in their 
electrical double layer. (This concentration. at which there 
are modifications in a large number .:>f the properties, is 
referred to as the second critical concentration.) At still 
higher concentrations there is a further change in the 
micellar structur~ due to increased crowding of hydrated 
micelles which, in many systems, tends to produce 
anisodimensional forms. This crowding often results in a more 
or less rapid transformation to cylindrical micelles. 
Finally, when the volume fraction of the hydrated micellar 
substance exceeds a critical value, some of them elongate into 
aggregates of long range order and develop further into 
lyotropic liquid crystals. 
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2. Determination of Critical Micellization Concentration 
When the micelles form at the CMC, there is a sudden 
transition in the physical properties of the aqueous 
solution. The change in physical properties permits the use of 
a number of methods to determine the CHC values. Surface 
tension, turbidity and electrical conductivity are the most 
common methods. The CMC values depend somewhat on the methods 
used for their determination. MuKerjee and Hysels (39) have 
complied CMC values of surfactants covering the literature 
until 1966, and evaluated the different methods used for their 
determinations. 
3. Factors Which Affect the CMC Value 
CMC values depend on the hydrophobicity of the 
hydrocarbon chain, on the net charge of the surfactant, on the 
nature of the polar head and counterion, and on the type and 
concentration of added electrolytes. For an amphiphile, the 
nonpolar portion has more influence than the polar portion. 
The more hydrophobic the nonpolar portion, the lower the CMC 
value. Increasing the carbon number in the hydrocarbon chain 
or changing the hydrocarbon chain to a fluorocarbon chain, 
will reduce the CHC value. The polar portion affects the CMC 
in an order of ionic > zwitterionic > nonionic (40). 
The CMC of·amphiphiles can be lowered by the addition of 
electrolytes. This is due to the reduction of the electric 
double layer repulsion between ionic amphiphi les and the 
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reduced hydration of the ethylene oxide chain in nonionic 
amphiphiles. The electrolytes have a larger effect on CMC 
values for ionic amphiphile solutions than for nonionic 
solutions (41,42). 
The CMC is also affected by the temperature and added 
solubilizate. The effect of temperature on the CMC value is 
small. The solubility of nonionic amphiphiles decreases with 
increasing temperature, while the solubility of ionic 
amphiphiles increases with increasing temperature. Owing to 
the opposite solubility behavior in water between ionic and 
nonionic amphiphiles, the effect of temperature on CMC values 
is opposite for the two kinds of amphiphile. When the 
temperature is raised, the CMC value increases for ionic 
amphiphi les and decreases for nonionic amphiphi les. 
The addition of solubilizates, in general, lowers the 
CMC (39). As a first approximation, ideal mixing between the 
solubilizates and the aggregates surfactant may be assumed. 
Accordingly, the CMC value is expected to be reduced by a 
factor proportional to the mole fraction of the solubilizate 
in the micelle. There are, however, pronounced deviations 
from this ideality for solubilizates that are present at high 
concentration and/or that decrease the hydrophobic 
associations between monomeric amphiphi les. Reduct ion of 
hydrophobic interactions results in micellar stabilities and 
hence in increased CMCs. The situation is even more complex 
for ionic micelles. On the one hand, solubilizates at higher 
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concentrations would tend to decrease the ionic strength and 
hence increase the CMC. On the other hand, they also increase 
the volume of the micelle, thereby decreasing the charge 
densities of the headgroups. Since micellization is driven by 
hydrophobic attractions between the hydrocarbon chains of 
amphiphile but opposed by repulsions between the headgroups 
(38), decreasing the charge de_nsities by substrate 
solubilization also decreases the tendency to oppose 
micellization. 
C. INVERSE MICELLE 
Besides the normal micelles, another kind of micelles 
can be observed in the isotropic solutions of organic solvents 
with the addition of amphiphile and sometimes in combination 
with water. This kind of micelle is a reversed type of normal 
micelle, with a core composed of anhydrous polar groups or 
hydrated polar groups and water molecules while the 
hydrocarbon chains of amphiphiles extend outwards into the 
organic solution (Figure 2). 
The mechanisms of formation of reverse micelles are 
slightly different in various systems. Three distinct 
mechanisms have been described (3). In the first, which 
applies to solutions of certain amphiphiles in hydrocarbons 
--
and chlorinated hydrocarbons, these solvents act solely as 
dispersion media between micelles consisting of nonhydrated 
or hydrated amphiphi les. In the second, which has been found 




for solutions of amphiphiles in organic liquids such as fatty 
acids, the amphiphile dissolves at first without the 
partition of water and with the formation of a relatively 
small, molecularly dissolved compound with a definite 
stoichiometric ratio of the two organic compounds (43). When 
water is added this molecular compound is hydrated and it 
aggregates in a more or less unchanged form to micelles. In 
the third mechanism which is characteristic chiefly of 
solutions of crystalline association colloids in alcohols, 
the amphiphile forming micelles requires a minimum amount of 
water to go into solution. Hydrated aggregates with varying 
proportions of amphiphile and alcohol then appear and these 
form micelles (44). · In the last ~wo mechanisms the water is 
essential to the micelle formation; in the first type, 
however, micelles occur even in non-aqueous solutions, but 
these micelles can incorporate water also (44 ,45). 
In solutions of amphiphiles in organic solvents, small 
premicelles are formed and micelles begin to form at a 
"critical" concentration, however, the CMC appears to be less 
sharply defined than that for normal micelles in aqueous 
solutions. According to light scattering measurements, 
inverse micelles begin to form when 10-15 wt'% water is present 
in the system of water- surfactant- cosurfactant ( 46). The 
reason for this is that every surfactant molecule needs 6-10 
water molecules to be s.olvated and solubilized in the 
cosurfactant. The excess forms a water core and the inverse 
micelle becomes stable ( 47). 
• 
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As in the aqueovs micellar solutions, spatial conditions 
are important factors in the inverse micellar solution. When 
the volume fraction of the micellar substance increases to a 
point where crowding occurs, the previously more or less 
spherical micelles are deformed and become rod-shaped. When 
the volume fraction exceeds a critical value the excess of 
micellar substance separates in a liquid crystalline form. 
D. LYOTROPIC LIQUID CRYSTAL 
Lyotropic liquid crystals (3) can be formed in systems 
consist of two, three, or more components, at least one of 
which is an amphiphile. Another may be regarded as a solvent, 
for example, water or an organic liquid, and it is the solvent 
that endows these mesophases with their lyotropic character. 
The lyotropic phases are different from thermotropic phases 
(48,49) which are formed by variation of the temperature of 
organic compounds (e.g. anhydrous amphiphiles). 
The lyotropic phases are characterized by the fact that 
the molecules of the solvent are not uniformly distributed 
throughout the phase but are more numerous in some parts than 
in others. In aqueous systems the water is concentrated in 
those parts containing the polar groups of amphiphi les. If the 
solvent is an organic compound it is concentrated entirely or 
partially in the hydrocarbon parts of the phase. This partial 
separation of amphiphile and solvent gives rise to a great 
~iversity in structure. In addition to the arrangement of the 
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molecules themselves in the amphiphile aggregates there is, 
in these lyotropic phases, a diversity in the arrangement of 
aggregates into structures of higher order. Thus, the liquid 
crystals, which are characterized by their long range order 
and short range disorder (50), are known as lyotropic liquid 
crystals. 
Different combinations of solvents and amphiphiles give 
a rich variety of different lyotropic 1 iquid crystalline 
structures. Due to the long range order, the lyotropic liquid 
crystal is characterized by a series of sharp reflections in 
the low angle x-ray diffraction pattern. This series of sharp 
reflections can give information about the interlayer 
spacings which usually range from 10 A to 100 A. On the other 
hand, the short range disorder gives a diffuse reflection with 
a band around 4.5 A in the wide angle x-ray diffraction 
pattern. 
Lyotropic mesophases are formed from the solid 
crystalline or liquid association colloids or swelling 
amphiphiles by the addition of water and in some cases by the 
addition of a liquid organic solvent. From the aqueous 
solutions of association colloids, the lyotropic mesophases 
are formed by three processes: ( i) by the separation of 
micellar substance in th~ liquid crystalline state when the 
water content of solutions is reduced; (ii) by the separation 
of micellar substance at lower concentration, from the CMC 
upward, as a result of the changes that the micelles undergo 
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on solubilization ~f added amphiphiles and lipophiles; and 
(iii) by the formation of aggregates between a solubilizate 
and the molecules or ions of association colloids, below the 
CMC. From the solutions of swelling amphiphile in organic 
solvents lyotropic mesophases can be formed through an 
increase in the amphiphile or amphiphile and water content of 
the solution, and through solubilization of water in the 
initially anhydrous solution. 
Just as there are two types of micelles, the normal and 
the reversed, a number of lyotropic liquid crystalline 
structures also can occur. One of these structures is composed 
of amphiphil~ aggregates with a hydrocarbon core and a layer 
of polar groups in the boundary against the surrounding water, 
that is aggregates in a water continuum --normal type (figure 
3). The other one consists of aggregates with a core of 
unhydrated or hydrated polar groups and water, surrounded by 
layers of hydrocarbon, that is aggregates in a hydrocarbon 
continuum the reversed type (figure 4). Intermediates 
between these two types are lamellar mesophases, co~posed of 
coherent-layers of amphiphile molecules with the hydrocarbon 
innermost and the polar groups in the boundary with the 
intervening layers of water molecules (figure 5). 
There are several different methods which have been 
employed to study the properties of lyotropic liquid 
I 
crystals. The most important ones are polarizing microscopy, 
. and x-ray diffraction. In addition, NMR (51-54), differential 
Figure 3. Schematic representation of normal hexagonal 
liquid crystal. 
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Figure 4. SchematiG representation of inverse hexagonal 
liquid crystal. 
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scanning calorimetry (54), and vapor pressure measurements 
(55) have also been employed. 
The different lyotropic liquid crystalline phases are 
distinguishable under the polarizing microscope. This method 
was first shown by Rosevear (56) and has been further 
developed by Ekwall and co-workers (57,58). The x-ray 
diffraction technique, which has been emplo~ed by McBain 
(59), was developed by Luzzati and co-workers (60,61) as the 
main method to elucidate the structures of different types of 
lyotropic mesophases. 
1. Lamellar Liq~id Crystal Phase 
This phase has a lamellar packing structure consisting 
of amphiphile, water and sometimes organic solvent. It 
displays one dimensional periodicity and usually is 
spontaneously birefringent. In this phase, the hydrocarbon 
portions of the amphiphiles associate l-tith each other and form 
a bilayer unit. Water is dispersed between the layers of 
amphiphile polar groups. 1'he thickness of the amphiphile 
bilayer is ge~erally less than the length of two extended 
amphiphi le chains. The thickness of the water layer depends on 
the water content in the system. The interlayer spacing, which 
is the repeat distance for lamellar layers is usually in the 
range of a few angstroms to more than one hundred angstroms. 
The spacing is determined by low-angle x-ray diffraction. The 
low-angle x-ray diffraction yields a series of sharp 
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reflections which show Bragg spacings in the ratios of 
1:1/2:1/l:l/4. 
Some structural parameters may be obtained from the 
interlayer spacing. The effective surface area of the 
amphiphile contained in a lamellar liquid crystal can be 
determined ~y knowing the interlayer spacing and the partial 
molar volumes of the 'components (62). For a binary system the 
total volume of the system is given by: 
( 1) 
where na = number of moles of amphiphile 
n s 
:: number of moles of solvent 
v = partial molar volume of amphiphile a 
vs = partial molar volume of solvent 
This relationship can be rearranged to provide the volume 
fraction • for both the amphiphile and the solvent as shown 
below: 
( 2) 
Thus, the experimental interlayer spacing, dexp' can be 
separated into contributions by the amphiphilic bilayer, da, 
and the solvent, d
5
, .in the fo~lowing manner(Figure 6) . 
• 
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Figure 6. Geometric contributions of amphiphilic bilayer 
and solvent in binary lamellar liquid crystal 
system. 
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d = • d a a exp (3) 
d = d d - • d s exp a w exp ( 4) 
Assuming that the solvent does not penetrate into the 
amphiphilic layers, the interfacial area per mole of polar 











substituting equations (2) and (3) into equation (5) yields 
S = 2 V/{d n ) (6) a exp a 
The interfacial area per individual polar group is then 
obtained by dividing the Sa by Avogadro • s number N. 
In such an ideal system, as solvent is added, the 
interlayer spacing would increase and the plot of log dexp 
versus (- log •a> should be linear and give a slope of unity. 
If penetration occurs, i.e. the amphiphile is partially 
soluble in solvent, the slope of (log d ) versus (- log • ) exp a 
plot will be decreased and is smaller than unity. Fractional 
values of the slope indicate interactions of polar head groups 
with themselves and the solvent which cause an increase in the 
area per head group.· Such in~eractions can be so strong that 
the interlayer spacings remain constant or even decrease as 
• 
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the water content is increased. McBain et al. observed this 
phenomena many years ago and distinguished them as expanding 
and nonexpanding lamellar structures (59,63) 
For determination of the percent solvent penetration 
into the amphiphilic portion of the bilayer, the difference 
between the calculated, d 1 , and experimental interlayer ca 
spacing is considered (64). Remembering that the volumes of 
the amphiphile and solvent layers are proportional to d and .a 
d
5
, respectively, the calculated interlayer spacing is given 
by: 
= d ( 1•• ) 
0 p 
( 7) 
where • is the solvent/amphiphile volume ratio. From the 
p 
geometric consideration shown in figure 7, it can be seen that 
the percent penetration is simply 
( 8) 
Combination of equations (7) and (8) and simplification, 
yields: 
(9) 
The lamellar liquid crystals also display a semiliquid 
and mucous consistency throughout the region of existence. 
11111111111 








Figure 7. Geometric contributions of amphiphilic bilayer 
and solvent involved solvent penetration in 
binary lamellar liquid crystal system . 
• 
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regardless of composition. Their viscosities vary between 1 
and 10 P. They are slightly translucent and optically 
anisotropic. 
Under the crossed polarizing miscroscope, the lamellar 
liquid crystals present well defined characteristic 
appearances. These appearances. also called textures, arise 
from the optical orien~ations of liquid crys~als. 
Three fundamental textures of lamellar liquid crystals 
have been observed under the polarizing microscope. They are 
oily streaks, maltese crosses, and fine striations. Usually, 
these three patterns are not observed simultaneously. It has 
been systemat.ically shown (65) that the lamellar liquid 
crystal patterns vary with solvent (water) content and with 
the amount of solubilized hydrocarbons. 
Lamellar liquid crystals have also been found in many 
biological lipid-water systems (66,67). The anhydrous lipids 
exhibit thermotropic liquid crystal properties at elevated 
temperatures (67). 
2. Norma! Hexagonal Liquid Crystal Phase 
The earliest report for this mesophase. was by McBain as 
studied in a soap-water system (63). This phase has a t~o 
dimensional periodicity structure consisting of parallel 
amphiphilic rods in hexagonal array. The rods are considered 
to be composed of more or less radially disposed molecules of 
a~phiphiles with the hydrocarbon parts directed inwards and 
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the ~ydrated polar groups facing outwards. Thus, the 
hydrocarbon cores of the rodlike aggregates are separated by 
their outer layers (rod surface) consisting of hydrated polar 
groups from intervening water molecules which act as the 
continuous phase. The diameter of the rod is less than the 
length of two ext~nded amphiphile chains. 
The pinhole pattern of the x-ray diffraction in the low-
angle region often shows rings with discrete spots with an 
angle of 30° displacement of spots in successive rings. The 
rings show Bragg spacing ratios of l:l/f3:1/f4:1/17:1//12. 
Throughout the region of existence. the normal hexagonal 
liquid crystal is a stiff gel and viscous with viscosity in 
the range of 20-45 P. It is fairly transparent and 
anisotropic. When observed under the polarizing microscope, 
it displays a fan-like or angular texture. This angular 
pattern is the most characteristic texture to identify the 
hexagonal liquid crystal phase. When the hexagonal liquid 
crystal sample is too stiff to form a thin film between the 
glass slide and the cover glass, a nongeometric striated 
pattern can be observed. A stress should be placed on the 
cover glass to obtain a film thin enough for observation. 
3. Inverse Hexagonal Liquid Crystal Phase 
This mesophase has a reverse structure of the normal 
hexagonal liquid crystal phase. It consists of parallel rods 
arranged in the hexagonal array composed of amphiphilic 
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molecules with their polar groups facing inward and their 
hydrophobic tails interacting with the organic medium. The 
water molecules locate in the cores surrounded by the hydrated 
polar groups of amphiphiles. 
Like the two-dimensional normal hexagonal liquid crystal 
phase, th x-ray pinhole pattern of this phase displays rings 
with discrete spots in hexagonal array. The rings give the 
Bragg spacing ratios of 1: 1//3: 1 J/4: 1/17. 
Like the normal hexagonal liquid crystal phase, the 
inverse hexagonal phase forms a stiff gel with viscosity in 
the range of 10 to 20 P. It is relatively transparent and 
anisotropic and. has a fanlike or angular texture under the 
polarizing microscope. 
Generally, the reverse type hexagonal liquid crystals 
appear less often than the normal ones. 
4. Isotropic Liquid Crystal Phase 
Of course, from the name it can be easily be understood 
that these mesophases have an optically isotropic character. 
The reason why they belong to the liquid crystals 
classification is because their low angle x-ray diffraction 
patterns show that they have long range order and show a 
diffuse reflection at 4.5 A in the wide-angle x-ray 
diffraction region which proves they have short range 
disorder. Their structures display a three-dimensional 
arrangement. They have the properties of transparent 
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appearance and they are very viscous. In contrast to the other 
anisotroptic liquid crystals, the isotropic liquid crystals 
display no birefringent when observed under the microscope 
between crossed polaroids. 
The isotropic liquid crystals often appear in binary and 
ternary systems of amphiphiles. They have been observed 
chiefly in a number of binary systems, such as potassium soap 
and water (68), Aerosol OT and water (65), dodecyl 
trimethylammonium chloride and water (69), decaoxyethylene 
glycol monolauryl ether and water ( 70). Some ternary systems, 
such as sodium caprylate, p-xylene and water (71), 
decaoxyethylene glycol monolauryl ether, oleic acid and water 
( 70), can also have the isotropic liquid crystal region. 
The structure of isotropic liquid crystals has not been 
clearly determined yet. It is believed that they have a 
cubically symmetric structure with three dimensional 
periodicity. Though the internal structure is complex and 
still under study. It has been inferred that some are the 
normal type consisting of amphiphile aggregates with the 
hydrated polar groups directed outwards and hydrocarbon chain 
inside to form a core. Others are of the reversed type 
aggregates having a core of hydrated polar groups with the 
hydrocarbon tails directed outward from it (72). 
The normal type isotropic _mesophases occur in quite 
well-defined concentration regions in binary and ternary 
systems. They have been observed in the zone between lamellar 
• 
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liquid crystal and normal hexagonal liquid crystal, and 
between normal hexagonal mesophase and normal micellar 
solution region (72,73). 
The regions of existence of the normal isotropic 
mesophase are rather limited, in particular, the molar ratio 
between water and amphiphile seems to be restricted within a 
narrow range. 
In the low-angle x-ray diffraction patterns they give a 
series of sharp reflections varying in number from 2 to 12. 
The reversed type isotropic mesophases have been 
encountered in the concentration region between the reversed 
hexagonal mesophase and lamellar liquid crystal phase, and 
near the reversed micellar solution region (70, 74). All these 
mesophases appear in parts of the systems where the water 
content is low. In all these systems the reversed isotropic 
mesophases may be regarded as an intermediate stage between a 
structure of rod-shaped aggregates with a core of hydrated 
polar groups and a lamellar structure. This intermediate 
stage may occur when the water content is increased. However, 
it occurs only over a narrow concentration range at particular 
molar and volume proportions between water and amphiphiles. 
Even though the exact structure of the isotropic 
mesophase is still not known, the study of low-angle x-ray 
diffraction (62,74-76) and NMR measurements (76-79) gives 
several model structures. 
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Luzzati and co-workers indicate that the body-centered 
str-ucture is the most likely structure for a number of systems 
(75,80,81) They proposed a structure that is composed of short 
rodlike elem~nts of finite length, all identical and 
crystallographically equivalent, joined in threes at each end 
to form two three dimensional, interwoven but unconnected 
networks. Lindblom et al. (67) has proposed another 
interesting structure which consists of a hexagonally shaped 
bilayer unit. They are joined with each other and form a 
continuous network. 
Another proposed structure consists of closely packed 
micellar aggregates (77-79). The micelles occupy the corner 
and center positions in cubic unit cells with a definite 
interface between the interior of the micelles and the 
continuous phase. The amphiphiles are restricted to move 
within the micelle only. NMR measurements (77) show that this 
kind of phase has a much lower diffusion coefficient than that 
of the lamellar phase. 
E. PACKING CRITERIA AND THE FORMATION 9F A~SOCI~~~O~ 
STRUCTURES 
As described above, the amphiphi le aggregates may be 
spherical, lamellar, rod like or inverse structures. Each kind 
of structure will grow ~r transform to the other structures 
depending on the relative amount of amphiphile in the system. 
This behavior suggests that the formation of different 
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association aggregates is intimately related to the structure 
of the amphiphiles. Hartley (82) advanced such an idea and 
suggested that a particular structure occurs because in it the 
amphiphiles are upacked" in the most efficient manner. 
This idea has evolved and been extended by Tanford (1) 
and more recently by Is rae lachvi li et al ( 83), and Mi tche 1 and 
Ninham (84). The latte~ groups have quantified the role of 
packing by incorporating it into a zeroth-order thermodynamic 
theory of micellization and bilayer formation. These 
formulations will be briefly discussed below. 
For a dilute solution of surfactant molecules, the Law of 
Mass Action des£ription of aggregates containing N surfactant 
molecules may be written as: 
~ 0 + KTl X o 
monomer n monomer = ~N • (KT/N)t
0
(Xn/N) (10) 
where ~~ is the standard chemical potential ~f an amphiphile 
in an N molecule aggregate and X is the mole fraction of the 
n 
surfactant molecules in anN molecule aggregate. 
Unfortuhately, for an aggregate containing N surfactant 
molecules there is a host of arrangements possible for the 
molecules e.g. micelles, bilayers, etc., and equation 10 
gives no indication of which will actually form. Of the 
possibilities, there will be, of course, one structure of 
minimum free energy and the possibility of its formation will 
predominate over that of other structures. To predict which 
42 
structure will have the lowest free energy, 0 llN may be 
decomposed into four contributions, one of which is 
dependent. in a not-too-subtle manner, on packing parameters. 
The four contributions are designated as: 
1. A bulk potential, b liN 
2. A surface potential, s "'N 
3. A curvature potential, c and \JN' 
4. A packing potential, \.lp N 
The bulk term accounts for the free energy of transferring the 
hydrocarbon tail of the surfactant from aqueous solution to 
the interior of an aggregate, which is assumed to be liquid 
hydrocarbon. 
The second contribution to 0 \.lN' the surface term, 
considers the interfacial tension existing between an 
amphiphile's nonpolar chain and the aqueous solution and 
simply equals Ja, where a is roughly the cross-sectional area 
of the hydrocarbon chain (The fraction of oil-water interface 
occluded by the polar head of the amphiphile is considered a 
negligible correction to the surface term). It is important to 
note that the Gibbs' dividing surface for this development is 
placed at the outer boundary of the hydrophobic core of the 
aggregate and, ·as such,- J is taken as approximately 50 
erg/em 2 To account for the electrostatic repulsion of the . 
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polar groups, an additional contribution to s \JN must be 
included. If the magnitude of the repulsion is made 
proportional to 1/a, \l: has the form 
~; = f [ a • (a~/a)] (11) 
where a
0 
is an optimal area per headgroup. In the zeroth-order 
approach, a = a
0 
is assumed and \J: = 2 la
0 
is the minmum value 
of the surface term. 
If the aggregate surface is curved rather than planar, 
the surface. term must be corrected for this perturbation. This 
is accomplished by replacing (a2 /a) in equation (11) by 
0 
a 2 /a(l•DR) where R is the mean radius of curvature and Dis the 
0 
Debye length. The magnitude of this correction is the 
c curvature term \.lN. 
The packing term, \l~, essentially insures that the 
hydrophobic core of the aggregate contains no voids. If the 
interior of the aggregate has a vaccum or water-filled region, 
lJ~ is as.sumed to infinite. 
By imposition of this restraint, it can be shown that~~ 
will be finite for each structure only if a dimensionless 
quantity, the packing ratio, lies within specified bounds. 
The packing ratio is defined as 
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(12) 
where V and 'c are approximately the volume and length of the 
hydrocarbon portion of the amphiphile and a is the optimum 
0 
area per headgroup dicussed previously. 
For purpose of calculation, a
0 
is normally taken from x-
ray diffraction measurements on b~layer (lamellar) systems, 
and V and t are given by Tanford' s relations ( 38): c 
V = (27.4 + 26.9 n) A3 
t = (1.5 • 1.265 n) A c 
(13) 
( 14) 
where n is slightly less than the number of carbon atoms per 
amphiphile chain. Defined this way, the packing ratio limits 





P.R. < 1/3 
1/3 < P.R. < 1/2 
1/2 < P.R. < 1 
P.R. > 1 
After imposing the condition of a void less core, these 
boundary values are obtained from the geometry of the 
structures. From these rules and the expression for lJ~, 
predictions of which structure will occur can be made on the 
basis of free energy comparisons. 
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For concentrated systems where long range forces arise 
between the colloidal bodies, 0 llN must essentially 
corrected for their contribution to the free energy. 
be 
These packing arguments have recently been extended to 
microemulsion formation and provide some rational for the 
concept of hydrophilic-lipophilic balance (HLB) of 
surfactants and the effect of cosurfactants in ionic systems 
(84). 
For example, the authors argue that a cosurfactant acts 
principally to increase the to volume per surfactant molecule 
without appreciably affecting a or l . If a cosurfactant is 
0 c 
added to a nprmal micellar solution, the trend in the system 
should then be a gradual transformation to a lamellar phase 
and eventually to an inverted phase since the packing ratio 
increases with increasing cosurfactant concentration. 
Following in this area, Friberg and Flaim (85) evaluated 
the packing ratio for a number ~f lamella systems at their 
highest cosurfactant concentrations. In all cases, the 
packing ratios were closely approaching unity, as they 
should, since at this point the systems enter into equilibrium 
with an inverted phase which demands that V/a l is greater 
0 c 
than one. Admittedly, the concept of packing ratio stems from 
the simplest geometric arguments and its ability to predict 
the trends in amphiphilic systems should be applied with care. 
Nevertheless, it provides a straightforward way of 
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relating the formation of various association structures to 
physical characteristics of component compounds. In this 
sense, its importance should not be underestimated. 
IV. AMPHIPHILE ASSOCIATION STRUCTURES IN 
NONAQUEOUS POLAR SYSTEMS 
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The phase equilibria and association structures of 
amphiphiles in systems with water as a basic solvent were 
extensively investigated by Ekwall (3). With his results as a 
basis, a large amount of research has been executed in a wide 
area (86-92). In contrast, the study of amphiphiles in 
nonaqueous solvent systems progressed much more slowly as 
compared to the vast number of extensive studies in the 
aqueous systems. In the late l960ts, Bloom and Reinsborough 
began to study micelle formation in nonaqueous molten 
pyridinium chloride by various physical property 
measurements, such as freezing point depr~ssion ( 93), surface 
tension and density (94), and viscosity and conductivity 
(95). Ray investigated three cationic surfactants in pure 
ethylene glycol (96) and the micelle formation of a nonionic 
surfactant, p,t-nonylphenoxy-polyethoxy ethanol ·, in several 
nonaqueous polar solvents, such as glycerol, foramide and 
alkane diols (97). About th~ same time, McDonald measured the 
CMC values for the nonionic surfactant dodecyl 
hexaoxyethylene glycol monoether in formamide, and in mixture 
of water and amides as a function of solvent composition at 
25°C(98). 
Following these pioneering investigations. recently. 
extensive studies of amphiphi les in nonaqueous polar solvents 
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have been executed. Evans et al. contributed on surfactant 
micellar formation in hydrazine (99,100) and in ethylammonium 
nitrate (101,102). Other nonaqueous polar solvents, such as 
amides (103), ethylene glycol (104), and glycerol (104,105) 
have been studied by different research groups. 
Friberg and collaborators first introduced nonaqueous 
lyotropic liquid crystals with polar organic solvents 
(64.65,106-108). Moucharafieh and Fribe~g (65) used lecithin 
as an amphiphile in combination with ethlyene glycol to form 
lamellar liquid crystals and a series of investigations have 
been made in different but analogous solvents (64,106). A 
comparison was made between these systems and the 
corresponding aqueous systems. In addition to these binary 
systems, Friberg et al. present the first comparison in 
ternary systems of water and glycerol lamellar liquid 
crystals stabilized by a combination of an ionic surfactant 
(sodium dodecyl sulfate) and long chain alcohol (decanol) 
(109,110). 
In 1984, the nonaqueous microemulsions of hydrocarbons 
and polar organic substances such as ethylene glycol, 
glycerol, foramide were introduced by three independent 
research groups. that is, by Friberg (111), by Lattes (112) 
and by Robinson (113). With the region of nonaqueous system 
having been established. it appear$ suitable to make a first 
comparison with the phase behavior in aqueous systems. 
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A. MICELLE SOLUTION 
The micellization process in nonaqueous polar organic 
solvents is different from the "inverted" micelles which are 
formed in nonpolar organic solvents. A term "solvophobic 
effect" has been originated to describe the micelle formation 
in polar organic solvents, in analogy with "hydrophobic 
effect .. causing micell~zation in aqueous medium. When the 
concentration of amphiphiles exceeds a certain value (CMC), 
favorable contact of the polar solvent with the polar parts of 
amphiphile molecules and the disadvantageous interaction 
between the polar solvents with nonpolar portions of 
amphiphiles dri~e the hydrocarbon chains together to fo~ a 
oil-like core to avoid contact with the polar solvent. The 
polar groups of amphiphiles orient outward at the micelle 
surface. 
The hydrophobic effect is characterized by a large 
positive entropy which is attributed to the release of 
structured water around the hydrocarbon chains. Another 
alternate approach frol'l thermodynamics to clarify the 
hydrocarbon-~ater interaction has been proposed by Benzinger 
(114) and develop by Frank and Lumry (115,116). They suggest 
that the structuring of water around non-polar groups is 
largely a compensated process, such that the entropy and 
enthalpy associated with such structure make a resultant 
contribution to the free energy which is small and almost zero 
at room temperature. Viewed in this way, the negative free 
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energy associated with micelle formation arises from a 
favorable enthalpy effect similar to what is found for 
solubility in regular solutions (117). Thus, micellization 
can be viewed as solvophobic behavior rather than a feature 
peculiar to water. This suggestion was supported by an 
analysis of micelle formation of tetradecyltrimethylammonium 
bromide (c14TAB) over the temperature range 25 to 166°C in 
aqueous solution (118) which showed the favorable free energy 
of micellization is dominated by the positive entropy change 
at low temperatures. On the contrary, at higher temperatures 
(over 50°C) the three-dimensional H-bonding structure of 
water is diminished and has a negative entropy change and the 
large negative value of enthalpy becomes the major factor in 
the micellization free energy. 
A comparison of micellization in hydrazine (119) and in 
water at high temperatures (118) gives an illustrative 
example. Hydrazine has all the important properties of water 
except the ability to form three-dimensional hydrogen bonded 
structures around hydrocarbon groups. Hydrazine is an 
extensively hydrogen bounded liquid possessing many physical 
properties similar to those of water. At low temperatures 
hydrazine differs from water in just those physical 
properties which are unique to aqueous solution . Unlike most 




Owing to these pr~perties of both liquids, a comparison 
of the thermodynamics of micelle formation should provide a 
means of identifying the compensated and uncompensated 
enthalpies and entropies of this process. 
The results show that the enthalpy and entropy changes 
associated with micelle formation in water and hydrazine are 
strikingly different. In hydrazine, the entropy change is 
large and negative and reflects the association and ordering 
accompanying the transfer of surfactant ions and counterions 
into the micelle structure. The formation of micelles in 
hydrazine appears to be entirely a result of the favorable 
enthalpy change: 
In water the entropy changes are positive at low 
temperatures. With increasing temperatures, the values for 
entropy and enthalpy change for micelle formation in water 
becoming more negative as water becomes a more normal fluid. 
At a temperature near 166°C the values for entha-lpy and 
entropy are very similar to those observed in hydrazine at 
room temperature. 
The CMC values in nonaqueous systems were determined by 
conventional methods as was applied to aqueous systems. In 
general, the amphiphi les have higher CMC values in nonaqueous 
systems than in the aqueous. This means the micellization 
process in a nonaqueous system is less favored than that in an 
aqueous system. The factors of the dielectric constant of the 
solvent and the intermolecular hydrogen bonding capacity have 
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been studied and related to micelle formation (108). The CMC 
values of two surfactants. viz. sodium dodecyl sulfate and 
cetyltrimethylammnnium bromide (CTAB) has been measured in a 
series of nonaqueous polar solvents with different dielectric 
constants, viz. N-methylacetamide (NMA), formamide (FA), 
dimethyl sulfoxide.(Me2so), N,N'-dimethylformamide (DHF), N-
methylformamide (NMF), and dimethylacetamide (DMA). A 
comparison was also made with water. 
The dielectric constants of the solvents are in the 
order: NMF (D=l82.4) > NMA (0=179) >FA (D=109.5) > H20 (0=80) 
> Me2so (D=49) > DHA (D=37.8) = DMF (D=37). By conductometric 
measurements, the CMC values for both surfactants (SDS and 
CTAB) obtained in the solvents NMA, FA, and NMF are lower, 
whereas the values in the solvents Me 2so, DMF, and DMA are 
higher in comparison to those obtained in water. It shows that 
the magnitude of CMC increases with decreasing dielectric 
constant. Thus it appears that the role of the dielectric 
constant of the medium is significant in micellization of the 
ionic surf act ants in these solvents. 
The other factor, intermolecular hydrogen bonding 
capability also plays an important role and may even dominate 
over dielectric effects in particular systems. The function 
of the hydrogen bonding i~ its tendency to .. solvate" the 
surfactants ions in a way favoring them to form micelle 
aggregates. This is supported by the observed CMC values of 
both ionic surfactant in DMF and Me 2so. Though the dielectric 
• 
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constant of Me 2 so is higher than DMF, the CMC value in DMF is 
lower than in Me 2 so. This is considered to result from 
involvement in hydrogen bonding of the hydrogen atom attached 
to the carbonyl oxygen in DMF whereas there is no hydrogen 
bonding formed in Me 2so. 
B. NONAQUEOUS LYOTROPIC LIQUID CRYSTALS 
The earliest investigation in the area of nonaqueous 
lyotropic liquid crystals was attempted by Winsor (120), who 
replaced water by polar solvent and associate amphiphiles, 
such as dioctylsulfosuccinate, which is in the liquid 
crystalline state at room temperature. Unfortunately, the 
attempt did not reach success. In 1979, a first nonaqueous 
lytropic liquid crystalline system of lecithin and ethylene 
glycol was published by Moucharafieh and Friberg (65). 
This was followed by a series of investigations in 
systems of lecithin and other analogous solvents such as 
alkane diols (64) and oligomers of ethylene glycol (121). In 
addition, the combination of simple ionic surfactant (sodium 
' dodecyl sulf.ate), long chain alcohol (decanol) and glycerol 
has also been studied (109, 110). 
1. Lecithin and Glycol Systems 
The liquid crystal formed by lecithin in ethylene glycol 
is identified to be a lamellar phase from its optical texture 
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under the polarizing microscope. The interlayer spacing was 
measured by small-angle x-ray and compared to the 
corresponding phase of lecithin in water. The comparison 
shows two major differences. The ethylene glycol system is 
characterized by a smaller interlayer spacing (~d=9A) and 
this redu~tion is also valid for the value extrapolated to 
zero solvent content. Accepting an approximation of this 
value as the thickness of only the amphiphilic layer, the 
difference demonstrated a change in the conformation of the 
lecithin molecules. This change enhanced the disorder of the 
hydrocarbon chain and/or altered the angle of the molecular 
axis against the lamellar plane. 
Larson and colfaborators (122) studied the deuterium NMR 
quadrupole splittings and spin-lattice relaxation times and 
described the motion and bonding of ethylene glycol by a 
three-state model: (i) bound diol, forming a strong complex 
with lecithin involving relatively few motions, (ii) 
solvating diol, n molecules forming a monomolecular layer on 
the lecithin head group plane, the molecules undergoing 
restricted tumbling, and (iii) isotropic diol, bulk diol 
undergoing rapid molecular tumbling. The results indicate the 
maximum numbers of the three kinds of "bound", "solvating'', 
and "isotropic" ethylene glycol species are 1: 11:11. Only one 
ethylene glycol molecule was strongly bound per lecithin 
molecule. in comparison with the water system (123), seven 
water molecules are observed to strongly bind to a lecithin 
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molecule. In addition, the "bound" ethylene glycol has a 
smaller residual quadrupole splitting and a significantly 
shorter correlation time for the process controlling spin-
lattic relaxation than the ,.bound" water. Hence the ethylene 
glycol was less tightly bound than the water molecule within 
the lamellar phase. 
A series of alkane diols up to heptane~iol and oligomers 
of ethylene glycol with lecithin have been investigated. The 
results show diols with large alkane chains and higher 
oligomers of ethylene glycol to penetrate to the space between 
the lecithin molecules, while the solvent molecules of lower 
molecule wei~ht remained between the lecithin polar group 
layers to a higher degree ( 64, 124). 
Another logical extension of the investigations using 
ethylene glycol and its oligomers is the combination of 
lecithin and polyethylene glycol dodecylether (98). In this 
case, with only two amphiphiles present there is no organic 
solvent in the formulation. Instead, it is assumed that the 
system uses the polar part of the nonionic surfactant as the 
solvent. With this assumption a direct parallel is found to 
the combination of lecithin with oligomers of ethylene 
glycol. In the case of nonionic surfactants, the polyether is 
anchored to a hydrocarbon chain, which penetrates into the 
lecithin layer. 
This system gives a lamellar liquid crystal when the 
concentration of ether exceeds a certain value. Above that 
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limit the interlayer spacings decrease with increasing the 
amounts of the ether. At the ether concentration below the 
limit for the liquid crystal phase, the measured interlayer 
spacings are considerably greater and strongly increase with 
the amounts of the ether. The interpretation is as follows. 
For the. ether concentration less than the limit for the 
lamellar phase to appear, the added ether is restricted to the 
space between the polar group la.yers of lecithin. This 
localization leads to a strong increasing of the interlayer 
spacing. 
The presence of the polyether between the polar layers 
causes a perturbation of the lecithin molecules in their 
close-packed layers. At a certain concentration, the 
perturbation has reached such a level that the hydrocarbon 
chains of the polyether are able to penetrate into the space 
between the lecithin hydrocarbon chains. Once the penetration 
begins, the perturbation is enhanced and all polyether 
molecules are now found with their hydrocarbon chains between 
the hydrocarbon chain of the lecithin molecules. The 
reduction of interlayer spacing with further addition of 
nonionic surfactant is easily understood from the short 
hydrocarbon chain length of polyethylene glycol dodecyl 
ether. 
2. Ionic Surfactant, Long Chain Cosurfactant and 
Polar Solvent 
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A compound triethanolammonium oleate prepared by oleic 
acid combined with triethane amine in an equimolar ratio forms 
a lamellar liquid crystal which can be identified from its 
optical pattern under the polarizing imicroscope. 
Infrared spectroscopy (107) shows the presence of both 
ionized carboxylate groups ( v = 1550cm -l) and protonated 
carboxylic groups (~:: 1715cm- 1 ). This spectra indicates that 
oleic acid does not react completely with triethanol amine to 
give triethanolammonium oleate. Thus, the lamellar liquid 
crystal. actually contains three components: 
triethanolammonium oleate, oleic acid, and triethanol amine. 
The oleic acid acts as long chain co-surfactant, the 
triethanol ammonium is the ionic surfactant and the unreacted 
triethanol amine serves as the polar solvent. 
With regard to the vast literature on the sodium dodecyl 
sulfate combination, Friberg et al. investigated a system of 
glycerol, sodium dodecyl sulfate, and decanol to compared its 
properties to the corresponding aqueous system (109,110). A 
lamellar liquid crystal phase was formed to an extremely large 
interlayer spacing for the glycerol part of layered 
structure. The small-angle x-ray measurement showed the 
interlayer spacing even to be greater than 160 A. 
When compared with water systems, it can be seem that the 
stability of the liquid crystal with glycerol is critically 
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dependent on the surfactant/alcohol ratio, whereas the liquid 
crystal with water is stable over a wide range of this ratio. 
This difference is results from: (i) the changed electric-
double-layer characteristics experienced when glycerol 
replaces water as the solvent; (ii) an enhanced content of 
alcohol lead~ to a reduction of interlayer spacing which 
indicates a pronounced change in solvent penetration with 
alcohol/surfactant ratio; (iii) the different surfactant 
solubility in the glycol (14) and water (60%) systems. 
The interlayer spacing is smaller for the glycerol system 
than for the water system at finite amounts of solvent, but 
the value extrapolated to zero solvent content is identical 
for both systems. This observation indicates that the 
perturbations of the amphiphilic chain is identically in the 
glycol and the water systems. 
1 H NMR spectrospcopy was utilized to give the order 
parameter profiles of the bilayer interiors of both water and 
glycerol systems with sodium dodecyl sulfate and decanol by 
Friberg et al. ( 125). 
Two features of the results can be related to the 
lamellar liquid crystalline structure in the glycerol system. 
In the first instance the order parameters of the 
amphiphiles have values less than one half of those in the 
aqueous system. Secondly, in the glycerol system the values 
for methylene groups. close to the polar groups are 
significantly lower (=154) for alcohol than for the 
surfactant. 
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Such an enhanced disorder can not be sufficiently 
explained by an increase in the available area per molecule 
(126). A 50% reduction in order parameter requires a 30-40% 
increase in the area per polar group, however, the low angle 
x-ray studies show only a small (<10%) increase in the area 
per amphiphile when water is replaced by glycerol. Thus, a 
staggered organization ~ in the glycerol system was proposed 
since such an arrangement would not cause a significant 
difference in the area per amphiphile, but would allow a 
considerably enhanced disorder. 
Hence, there is some added flexibility of the bilayer 
surface because of translational motion along the long chain 
axis when the solvent is changed from water to glycerol. 
C. NONAQUEOUS MICROEHULSIONS 
Following the development of nonaqueous micellar 
solutions and lyotropic liquid crystals, the research in the 
area of microemulsions has also been extend to nonaqueous 
systems in which water ~s replaced by a polar organic solvent 
such as formamide or glycerol. 
The first nonaqueous microemulsion was obtained by three 
independent research groups in 1984 (111·113). 
Friberg and Podzimek (111) found a microemulsion region 
in the system ethylene glycol, lecithin and decane. The 
microemulsion 
approximately 
region is narrow 






(FiguTe 8). This isolated region is not infinitely stable. The 
phase separation varies between 10 to 28 days. A composition 
with higher amounts of lecithin and ethylene glycol shows 
higher stabi 1 ity. 
Rico and Lattes (112) used formamide instead of water, :in 
associated with' hexane and an ionic surfactant/butanol 
combination as a stabilizer (Figure 9). Their results show 
total surfactant requirements of 404 for equal amounts of 
formamide and hydrocarbon. Lattes et al also used the 
formamide system to obtain microemu lsions with perfluorinated 
hydrocarbons. A combination of fluorinated alcohol and 
fluorinated patas~ium soap give excellent microemulsions with 
modest surfactant requirements (127,128). 
Robinson et al. investigated the system of glycerol, 
heptane, and Aerosol OT (113). The structure of the 
microdroplet was studied by dynamic light scattering and the 
viscometry method. Glycerol is dispersed as spherical 
droplets in heptane and stabilized by Aerosol OT. The 
hydrodynamic radius of the droplets is dependent on the mole 
ratio of glycerol/Aerosol OT and falls in the range of 10-100 
A. 
A system of glycerol in combination with sodium dodecyl 
sulfate and alcohol has recently been studied by Friberg and 
collaborators (~09,110)._A comparison of the phase regions 
with the corresponding aqueous systems shows similarities 




Ethyl Glycol Lecithin 
Figure 8. The . non-aqueous microemulsion regions in the 
system of lecithin, decane, and ethylene 
glycol (111). 
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Butanoi/CTAB ( 1/2) 
Formamlde Cyclohe xane 
Figure 9. The non-aqueous microemulsion regions in the 
system of formamide. cyclohexane. and butanol/ 
cetyltrimethylammonium bromide (112) . 
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gives a single isotropic solution region reaching from the 
water corner to the butanol corner. A similar region is found 
with hexanol in the glycerol system. The difference is found 
in the solubility of the surfactant in water and glycerol. The 
pronounced solubility in water of the ionic surfactant gives 
both an isotropic aqueous solution with high concentration of 
surfactant as well as a hexagonal liquid crystalline phase 
with approximately 504 surfactant. Both these features are 
absent in glycerol system. 
A light scattering study shows that the water-in-oil 
systems give microemulsions with well defined colloidal 
aggregates. On the other hand, the glycerol system gives no 
indication of long lived aggregates with the tie-lines 
converging to a plait point for the glycerol-in-oil systems 
indicating them to be solutions with critical behavior. 
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V. SKIN STRUCTURE 
Skin is the tissue covering, or epithelium, that 
provides the body's initial defense against hostile elements 
of the environment. Skin forms a vast physical barrier at the 
interfa·ce between the organism and its environment. It is 
adapted to withstand the ravages of desiccation in a dry 
environment and innumerable mechanical, chemical, and 
microbial variables outside. In describing the skin, one 
first considers the layers, and then the appendages embedded 
in those layers. A brief overview of the skin will be followed 
by closer examination of dermal and epidermal layers. Next, 
consideration of the location and function of hair follicles, 
sweat glands, and sebaceous glands will elucidate the 
appendages found in the skin ( 129). 
It is customary to classify skin into thick and thin types 
by whether or not they have a thick or thin epidermis. Thick 
skin is found on the palms of the hands and the soles of the 
feet, while thin skin covers the remainder of the body. 
Two major layers of completely different kinds of tissue 
are conve~tionally recognized as constituting human skin. The 
outer layer which consists of a thin stratified squamous 
keratinizing epithelium is known as the epidermis. Its 
thickness varies relatively little over most of the body, 
between 75 and iso pm, ex~ept on the palms and soles where its 
thickness may be 0.4-0.6 mm. Underlying the epidermis is a 
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dense fibroelastic connective tissue called the dermis, which 
constitutes the mass of skin. There is a considerable 
variation in the thickness of the dermis in different regions 
of the body (130). The two layers of the skin are firmly 
cemented together to form a cohesive membrane which varies in 
thickness from less than 0.5 millimeters to 4 millimeters or 
more in different parts of the body. Figure }0 shows regional 
variations in the thickness of skin. 
Beneath the skin is the subcutaneous tissue~ or 
hypodermis, which is variably composed of loose areolar 
connective tissue or fatty connective tissue displaying 
substantial re.gional variations in thickness. Irregularly 
spaced bundles of collagenic fibers extending from the dermis 
into the subcutaneous tissue provide the ability of skin to 
anchor on the subcutaneous tissue and permit a considerable 
latitude of movement over most parts ot the body. 
Human skin also includes appendages9 i.e. sweat glands, 
hair follicles, and sebaceous glands whfch first appear 
during embryonic development. 
A. EPIDERMIS 
Epidermis commonly is described as consisting of 4 or 5 
layers depending on whether or not the stratum lucidum is 
included (it can be seen only in certain examples of thick 
skin). The stratum germinativum,or basal cell layer, is the 
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regenerating new cells. The cells in this region are irregular 
and more or less columnar in shape. The stratum spinosum is 
several cells thick lying above the stratum germinativum 
layer. The cells of this layer are of irregular polyhydral 
shape and often seem in sections to be slightly separated from 
one another with the adjacent cells joined together by fine 
lines which are very delicate strands of cyt.oplasm that extend 
out from each of two adjacent cells to meet and come into very 
close and firm contact. The stratum granulosum is from 2 to 4 
cells thick and lies immediately superficial to the stratum 
spinosum. The cells in this layer are roughly diamond-shaped 
and are fitted together with the long axis of each paralleling 
contour of the overlying ridge. The cytoplasm of these cells 
contains keratohyalin granules. The next layer is the stratum 
lucidum which is thin and appears as a clear, bright 
homogeneous lines. The outermost layer of the epidermis is 
termed the stratum corneum which is 15 to 20 cellular layers 
in thickness. In this layer, the once living epithelial cells 
become horny scales that adhere to one another tightly. The 
outermost· cells of this layer desquamate into the environment 
and are continuously replaced from below. 
B. DERMIS 
The dermis consists of two layers of connective tissue 
which merge into one another. The outer layer is called the 
papillary layer which is much thinner and is composed .of a 
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loose _type of connective tissue. The deeper layer is the 
reticular layer which consists of dense irregularly arranged 
connective tissue. There is a significant difference between 
the papillary and reticular layers. The capillary blood 
supply of the papillary layer is extensive. One group extends 
in loops up into.the so-called connective tissue papillae 
which project into the epidermis; th.ese provide nourishment 
for the epidermis and also act in heat regulation. Another 
group, which is more in the nature of veinules, forms a flat 
bed below the bases of papillae. The papillary layer thus has 
a rich blood supply. Capillaries are scarce in the reticular 
layer, being numerous only in relation to epidermal 
appendages that project down into the reticular. Three types 
of connective tissue (132) are found in the dermis: (i) 
collagen, (ii) reticulum and reticulin, and (iii) elastin. 
The collagenic fibers of the dermis interlace with each other 
in a netlike manner, while the reticulum surrounds the 
collagen fiber in a basket like network. Elastin occurs in 
very small amounts and is present both as delicate fibrils 
immediately below the epidermis and as coarser fibers 
randomly distributed among the collagen bundles . 
• 
69 
C. APPENDAGES OF SKIN 
1. Sweat Glands 
The sweat glands can be classified into two types~ i.e., 
apocrine and eccrine glands. The eccrine sweat glands which 
are fully developed at birth are simple tubular glands arising 
embryologically from the epidermis. They are distributed over 
almost all the human body surface and it has been estimated 
that there are two to four million in the skin of man. Each 
gland consists of a secretory part and excretory duct. The 
secretory part usually locates immediately below the dermis 
in the subcutaneous tissue while the excretory duct 
ultimately opens on the skin surface. The secretory part of 
the tubule is coiled on itself. The duct follows a somewhat 
spiral course through the dermis and enters the tips of the 
interpapillary pegs of epidermis that project down between 
the double rows of papillae. Upon reaching the. epidermis. the 
cells of the epidermis become the cells of the walls of the 
duct. When the stratum corneum is reached. the spiral nature 
becomes accentuated and the duct finally opens on the surface. 
The apocrine sweat glands are of considerably more 
practical use and much more numerous in lower animals than 
they are in man. In animals, the secretion from these glands 
gives rise to distinctive odors that enable animals to 
recognize the presence of others. In man their distribution is 
very limited. They develop from the downgrowths of epithelium 
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that give rise to hair follicles and their ducts open not onto 
the skin surface. but into hair follicles above the openings 
of the sebaceous glands. 
2. Sebaceous Glands 
Sebaceous glands are found everywhere on the human skin 
except for the palms and soles. General_ly, they are associated 
with hair follicles and empty through a short duct into the 
follicular canal. In the human, there is great variation in 
the number and size of the sebaceous acini attached to the 
pilosebaceous unit. Glands density and size are greatest in 
the face and scalp, where there may be as many as 400 to 900 
glands per square centimeter while an average of 100 glands 
per square centimeter is common over the rest of the body 
(133). 
In human beings, the glands are we 11 developed in 
embryonic life. After birth, the sebaceous glands undergo 
involution and are small throughout the prepuberal period and 
becomes drastically enlarged during puberty ( 134). 
Sebaceous glands are holocrine structures. The cells in 
the outermost layer of the acini, which rest on the peripheral 
basement membrane, are the reproductive cells. These small~ 
flattened or cuboidal cells show little lipid 
differentiation, but as the cells progress in a centripetal 
fashion, lipid synthesis accelerates and there is a massive 
enlargement of cells, which may result in a 100 to 150 fold 
• 
71 
increase in the cell volume until the whole cell ruptures and 
the contents are discharged into the excretory stream as 
sebum. 
3. Hair Follicles and Their Growth 
Hairs are keratinous fibers growing out from epithelial 
follicles distibuted ~~iversally over the· skin surface, 
except for the palms and soles. In humans, two types of hair 
are classified but sometimes are difficult to distinguish 
from each other (131). The coarser hair that covers the scalp 
and comprises 954 of the trunk hair in males but only 35% of 
the body hair of females is known as terminal hair. These 
hairs may extend more than three millimeters from the skin 
surface into the subcutaneous tissue. The cells in the lower 
portion of the follicle rapidly divide and give rise to 
several distinctive layers found in the hair and the hair 
follicle. Figure 11 shows the structure of hair and the hair 
follicle. Vellus hair is the second type of hair found on 
humans. This is the fin~, often unnoticed, body hair . that 
.... 
populates regions such as the forehead. This hair extends less 
than a millimeter into the dermis and seldom obtains a length 
on the skin surface greater than one millimeter. 
The living hair follicles which produce the hair are, in 
essence, a tubular inpushing of epidermis with a papilla of 
dermis invaginated into its base. The various hair follicles 
do not develop synchronously and the main port ions are formed 
corneum 
'" ..... IIIIHH---- internal root 
sheath 





at the time when the skin grows around the enlarging fetus. 
The foetal dermis contains a large number of cells and during 
the periderm stage groups of these collect in circumscribed 
zones immediately below the basal layer of the epidermis. 
These groups constitute the future dermal papillae and have an 
inductive role on the development of hair follicles. Mitotic 
division is not app~rent in these rudimentary dermal papillae 
and probably the local concentration of cells is achieved by 
cell migration. The epidermis overlying these collections 
soon shows signs of mitotic activity in excess of that in the 
intervening regions. As the mitotic activity continues the 
epidenn buds grow down into the dermis. The developing 
follicle forms an angle to the skin surface. Differential 
growth on the two sites of the follicle determines the 
ultimate slope of the fully developed follicle, and 
consequently the slope of the emergent hair when it finally 
reaches the skin surface. Over this cell mass the epidermis 
forms a depression at the site where the hair will ultimately 
emerge. The column of cells then rapidly pushes down into the 
' dermis <Jnd as it does so it carries with it some dermal tissue 
together with the papillae. The dividing cells at the base of 
the column become clearly differentiated from the cells in the 
higher regions which form the major portion of the developing 
follicle. Cell division now continues mainly in the lower 
portion and the follicle extends down through the full extent 
of the dermis. Follicles which produce long hairs such as 
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those of human scalp project further and reach the 
subcutaneous tissue. 
The follicle then develops two swellings on the side, 
which forms an obtuse angle with the skin surface, the upper 
being the the primordium of the sebaceous gland, and the lower 
the attachment for the arrector pili muscle which is formed at 
a later stage by condensation of mesodermal cells. 
The base of the follicle, up to this time, has been the 
same diameter as the rest of the column of cells. However, the 
base of the column now begins to divide more rapidly and 
consequently it broadens out and partly encompasses the 
dermal papillae; this region now becomes known as the bulb. 
The development of another group of differentiated cells 
above the bulb produces a cone of cells which will produce the 
future hair. Surrounding this is a concentric manner is 
another cone of cells which will eventually form the inner 
root sheath. The hair primordium, or hair cone, divides 
rapidly and grows faster than the surrounding cells which are 
forming the future outer root-sheath. It also grows faster 
than the cells forming the inner root*sheath, so that 
ultimately it will force a passage through these cells, and 
the emerging hair seems to push out the plug so that the hair 
canal is formed. 
Hair follicles do not remain actively indefinitely, but 
undergo cyclical change~ of growth, atrophy, and inactivity. 
The period of activity, known as anagen, alternates with a 
• 
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resting period, known as telogen, in which the fully formed 
hair remains anchored in the follicle by its expanded and 
keratinized base. Between anagen and telogen is a relatively 
short transition phase known as catagen. 
Hair thus reaches a terminal or definitive length, which 
depends mainly on the duration of anagen and partly on the 
rate of growth and i's characteristic of body site and species. 
In the human scalp anagen may occupy 3 years or more ( 135). For 
aging people, the resting period becomes progressively 
prolonged and the growing period of coarse hairs becomes much 
shorter ranged between 17 and 94 weeks. The cycle of each hair 
follicle in the adult human scalp appears to be independent of 
its neighbours. At any time between 4 and 24% (average 13%) of 
the follicle are in telogen and less than 1% in catagen. If 
there are about 100,000 follicles in the scalp with an average 
cycle of 1000 days, about 100 hairs ought to be moulted each 




A. PHASE BEHAVIOR OF NONAQUEOUS SYSTEMS 
l. Materials 
The p-xylene {99~ minimum, certified) was obtained from 
Fisher Scientific, Pittsburgh, -Pennsylvania. The glycerol 
(99.5+1 pure, Gold Label), and Aerosol OT (sodium di-2-
ethylhexylsulfosuccinate, approximately 96l pure) were 
purchased from Aldrich Chemical Company, Milwaukee, 
Wisconsin. 
The p-xylene was used as received without further 
purification. The glycerol was dried by successive treatment 
with molecular seives (Davison chemical, 8-12 mesh beads, 3A 
effective pore size) which were previously dried in an oven of 
a temperature higher than 400°C for 48 hours. The water 
content in the glycerol was less than 0.05 wt% as analyzed by 
the Karl Fischer method. Aerosol OT was purified according to 
the following procedure ( 136). lOOg of Aerosol OT is dissolved 
in 600 cm3 pure benzene, into which 35-40 cm3 of water is 
added. After strong shaking of the mixture, the upper solution 
is separated from the lower one. This process was repeated 
three times in order to make Aerosol OT free from the salt, 
sodium sulfa~e, contained in the original sample. Then, after 
evaporating the benzene, the residue is dissolved in aqueous 
methanol (251) and the solute is extracted by petroleum ether 
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three times. The pure A~rosol OT was obtained by evaporation 
of the petroleum ether. Both the dried glycerol and pure 
Aerosol OT were kept in a P
2
o5 containing deccicator. 
2. Karl Fischer Titration 
The water content was determined by the Karl Fischer 
method. The instrument includes a potentiograph (E536) with a 
polarizer (E585), a Dosimat (E535), a double platinum 
electrode (EA235), and a magnetic stirrer (E549). 
Methanol (Fisher, 99.9%, certified) was used as a 
solvent. 50 ml methanol was titrated with Karl Fischer reagent 
to the end point, then a known amount of water was added to 
standards the Karl Fischer reagent. A known amount of glycerol 
was dissolved in 50 ml of pretitrated methanol and titrated 
with Karl Fischer reagent. The titration end-point was 
reached when the electrode was depolarized by excess iodine as 
shown by a sharp break in the titration curve. The equivalent 
amount of water content in glycerol can be calculated from the 
volume of Karl Fischer reagent consumed. 
3. Phase Diagram Determination 
The two dimen5ional representation of a three-component 
system is possible if the temperature and pressure are fixed. 
A triangular plot can easily represent the phase behavior and 
phase equilibrium of the amphiphile association systems as a 
function of composition. Any point of the triangular plDt 
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repre~ents the relative amount of each of the three 
components. Since the corners labeled A, B, and Con figure 10 
correspond to the pure components A, B, and C, the side of the 
triangle opposite corner A represents the binary system B-e. 
i.e., 04 A. Thus, lines drawn parallel to the 0% A side toward 
the 100% A corner represent increasing amounts of A. In the 
same way, the amounts of B and C can be found got from the 
triangular plot. It is easily seen that the point circled in 
figure 12 has a composition of 20% A, 50% B, and 30% C. 
In conventional diagrams, water or another solvent is 
presented at the lower left corner (A). Surfactant is 
symbolized at the lower right corner (B). The top (C) is the 
third component usually, hydrocarbon or co-surfactant. With 
this arrangement, the phase diagram preparation is described 
as follows: 
a. Determine the mutual solubility of each binary system by 
weighing one component gradually into a known amount of the 
other component, mixing well, and observing the clarity or 
solubility at a constant temperature. Mark the position of 
determined mutual solubilities on the three base lines of the 
triangular plot. 
b. Prepare various mixtures of any two components and mark in 
accordance with their composition on the base lines. Then. 
titrate these mixtures with the third component (the opposite 
apex) at constant temperature. The composition changes along 
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Figure 12. Example of a triangular plot. 
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the line connecting the point on the base line to the third 
component corner. The phase boundary is determined by visual 
observation of a change from clear to turbid. With the help of 
two crossed polarizing plates or a microscope with polarizers 
determine the existence of any anisotropic phases and their 
character; A high speed centrifuge is used to accelerate the 
phase separation. Using these methods, one can find the points 
at which phase transitions occur. All the phase transitions 
from clear to turbid or from isotropic to anisotropic are 
marked on the triangular plot. Connecting all points having 
the same phase transition gives the phase regions. 
c. Prepare samples with compositions just inside or outside 
proposed the phase boundary. All samples are sealed in a glass 
ampoules, mixed well, centrifuged and stored at a constant 
temperature for long term observation to determine whether 
the phase boundaries are correct. 
4. Small Angle X-ray Diffraction Measurement 
The liquid crystal samples for x-ray diffraction 
measurements were prepared in small screw-cap vials by 
weighing the appropriate amount of the components. The 
mixtures were then mixed completely on a vibromixer (Vortex 
Genie S8223) and centrifuged at· high speed (approximately 
7,000 rpm) for a period of t'ime (15 minutes or so). These steps 
were repeated until the mixture is completely to be 
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homogeneous. The time for the final centrifugation was 
lengthened in order to remove all the air bubbles from the 
mixtures. The well mixed samples containing no air bubble were 
drawn into fine glass capillaries (General Rand, 0. 7 mm 
diameter), and sealed both tips. The capillaries were placed 
on a brass plate having a centered hole of 2 mm diameter. The 
plate with the capillaries was then placed into the measuring 
chamber so that x-rays pass perpendicularly through the 
sample. 
A Siemens, Crystalloflex 4 x-ray generator equipped with 
a Tennelec Position Sensitive Dectector System (Model 1100), 
a PSD 1100 flow proportional counter, and a Kiessig low-angle 
camera (Richard Seifert) was used for the small angle x-ray 
diffract ion measurements. Ni- filtered K line of copper 
a 
radiation (~=1.542 A) was generated at 40 KV and 18 rnA. The 
detector was flushed with Ar/CH4 gas mixture under a 
controlled pressure of 80 psi and flow rate of 15 ml/min. The 
path length between the sample and detector was 200 mm, 300 mm 
and 500 mm depending on the magnitude of interlayer -spacing. A 
lead st~arate sample of known interlayer spacing (48.2 A) was 
used to check the alignment of the instrument. During the 
measurements, the temperature was controlled at 25±1°C. 
In the present study, phase diagrams with systems 
containing p-xylene, Aerosol OT, and three different 
glycerol/water mixtures with weight ratios 90/10, 75/25 and 
50/50 were determined. All isotropic solution and ly?tropic 
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liquid crystal regions were determined and a comparison was 
made with 100% water and 100% glycerol systems. The inter layer 
spacings in the lamellar liquid crystal region were measured 
for the glycerol/water system of weight ratio 90/10 at a fixed 
p-xylene/solvent ratios. The self-diffusion coefficients 
were d'etermined by 1 H NMR measurement in the isotropic 
solution regions of pure water, pure glycerol, and a 75/25 
weight ratio of glycerol/water solvent systems at fixed 
weight ratios of p-xylene/Aerosol OT. 
B. DIFFUSION OF 2 ,4-DIAMIN0-6-PIPERIDINOPYRIMIDINE_:)_-:_ .Q_J.;!PE 
IN A MODEL SEBUM IN CONTACT WITH ~-~IQ~~~ 
CRYSTALLINE VEHICLE 
1. Materials 
Propylene glycol (1,2 propanediol, 99% pure) and 
cholesterol (approximately 984) were purchased from Aldrich 
Chemical Company, Milwaukee, Wisconsin. Peanut oil, stearyl 
alcohol (approximately 99%), stearic acid (approximately 
99%), tristearin (approximately 994). and oleic acid 
(approximately 99l) were obtained from Sigma Chemical 
Company, St. Louis, Missouri. The mineral oil was purchased 
from Witco Chemical Corporation, New York, New York. The 
phosphatidylcholine (lecithin) was obtained from soy bean 
phosphatidylcholine (Nc:. 95, 90-964 pure), American Lecithin 
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Company, Atlanta, Georgia. 2,4-diamino-6-
piperidinopyrimidine-3-oxide was kindly supplied by Upjohn 
Pharmaceutical Company (Kalamazoo, MI). All materials were 
used without further purification. 
2. Sample Preparation 
The liquid crystalline vehicle ~ith 2,4-diamino-6-
piperdinopyrimidine-3-oxide was prepared in the f?llowing 
way: According to Table I, a proper amount of water and 
propylene glycol were mixed and a given amount of 2,4-diamino-
6-piperidinopyrimidine-3-oxide was solubilized in this 
mixture. Ttie required amount of phosphat idyl choline was 
subsequently added. The sample was flushed with nitrogen, 
mixed in a Vortex vibromixer (Vortex Genie 58223) and 
centrifuged to remove air bubbles. The sample was examined 
under a microscope between crossed polarizers to ensure 
proper mixing and the absence of 2,4-diamino-6-
piperidinopyrimidine-3-oxide crystalline residue. The 
composition of the liquid crystalline vehicle is· given in 
Table · I. The vehicle without 2,4-diamino-6-
piperidinopyrimidine- 3- oxide was prepared similarly. 
The composition of the model sebum as suggested by Upjohn 
is given in Table II. The model sebum components were weighed 
into a test tube, and flushed with nitrogen. They were mixed 
using a Vortex mixer with intermittent heating (50°C) to 
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facilitate the process. The model sebum with 2,4-diamino-6-
piperidinopyrimidine-3-oxide was prepared in a similar 
manner. 
3. Diffusion Coefficient 
The diffusion rate was determined in the followirg 
manner: A glass ·cylinder (9 mm i .d.) was filled with the 
liquid crystalline vehicle without 2,4-diamino-6-
piperidinopyrimidine-3-oxide. An identical cylinder with the 
same vehicle, but containing 1% 2,4-diamino-6-
piperidinopyrimidine-3-oxide was placed on the top of the 
previous one such that the free surfaces were in complete 
contact. In the same way, a number of sets of cylinders were 
prepared. The cylinders were separated at different time 
intervals, and the material was pressed out from the 
cylinders, scrapped off, and weighed to enable exact 
calculation of the thickness of the removed layer. All the 
scraped layers were dissolved in ethanol solution and the U. V. 
spectroscopy absorption was measured at 285 nm wavelength 
(Perkin-Elmer. Model 552 UV-Vis Spectrophotometer). The 
concentrations of 2,4-diamino-6-piperidinopyrimidine-3-
oxide in each layer were determined from the absorption 
values. From the concentrations of 2,4-diamino-6-
piperidinopyrimidine-3-oxide in each removed layer, the 
diffusion rate was determined. 
In a similar manner, the diffusion rates of 2,4-diamino-
6-piperidinopyrimidine-3-oxide for the model sebum-
• 
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containing 0.5% 2,4-diamino-6-piperidinopyrimidine-3-oxide 
to the model sebum without 2,4-diamino-6-
piperidinopyrimidine-3-oxide, and the system of the liquid 
crystalline vehicle-containing 1% 2,4-diamino-6-
piperidinopyrimidine-3-oxide to the model sebum without 2,4-
diamino-6-piperidinopyrimidine-3-oxide were measured. 
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TABLE I 
Composition of Liquid Crystalline Vehicle 
Component 
Phosphatidyl Choline 654 





Composition of Model Sebum 
Component wt% on Mixture 
Mineral oil 254 
Tristearin 104 
Peanut oil 204 
Stearic acid 154 





A. PHASE BEHAVIOR OF GLYCEROL/WATER SYSTEMS 
The phase diagrams for systems of glycerol/water 
solvents in combination with p-xylene and Aerosol OT were 
determined (Figures 13 to 15). The phase diagrams of systems 
with 1004 water and lOOl glycerol are given for comparison 
(Figures 16 and 17). 
The Aerosol OTwas extremely soluble in the p-xylene; the 
equilibrium conditions at high Aerosol OT concentrations were 
difficult to determine and a maximum value of 82 wt% was 
considered approximate. A large difference in the solubility 
of Aerosol OT in the water and glycerol was noted. The 
glycerol can solubilize Aerosol OT to a maximum amount of 35 
wt%. In contrast, the water can solubilize Aerosol OT only to 
a limited extent, approximately 3 wt%. The Aerosol OT itself 
is an inverse hexagonal liquid crystal at room temperature and 
can solubilize water up to 18 weight percent. With the 
addition of p-xylene, the solubility of water was enhanced to 
54 weight percent. Glycerol was only slightly soluble in 
Aerosol OT (less than 3 weight percent). A limited increase in 
the solubility of glycerol in Aerosol OT was attained with the 
addition of p-xylene. Between the isotropic glycerol or water 
solution and the inverse hexagonal liquid crystal phase, a 
lamellar liquid c·rystal ph~se ranging from 18 to 72 weight 
percent of Aerosol OT for the water system and 42 to 65 weight 
percent of Aerosol OT for the glycerol system was observed. 
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P-xylene 
Glycerol/Water (90/10) Aerosol OT 
Figure 13. Partial phase diagram in system of p-xylene, 
Aerosol OT, and glycerol/water (90/10 weight 
ratio). A: isotropic solvent solution; B: 
isotropic p-xylene solution; C: lamellar liquid 
crystal~ D: inverse hexagonal li~uid crystal. 
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P-xylene 
Glycerol/Water (75/25) Aerosol OT 
Figure 14. Partial phase diagram in system of p-xylene_ 
Aerosol OT_ and glycerol/water (75/25 weight 
ratio). A: isotropic solvent solution; B: 
isotropic p-xylene solu~ion; c: lamellar liquid 
crystal; D: inverse hexagonal liquid crystal. 
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P-xytene 
Glycerol/Water (50/50) Aerosol OT 
Figure 15. Partial phase diagram in system of p-xylene, 
Aerosol OT, and glycerol/water (50/50 weight 
ratio). A: isotropic solvent solution; B: 
isotropic p-xylene solution; c: lamellar liquid 
crystal; D: inverse hexagonal liquid crystal. 
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p-xylene 
Glycerol Aerosol OT 
Figure 16. Partial phase diagram in system of p-xylene, 
Aerosol OT, and glycerol. A: isotropic solution; 





Water Aerosol OT 
Figure 17. Partial phase diagram in system of p-xylene, 
Aerosol OT, and water. A: isotropic solvent 
solution; B: isotropic p-xylene solution: C: 
lamellar liquid crystal; D: inverse hexagonal 
liquid crystal. 
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In the water system the isotropic p-xylene solution 
region was limited; the solubilized water reached to a maximum 
amount of 60 weight percent only over a narrow range of p-
xylene/Aerosol OT ratios. In the glycerol system. the 
solubility was greatly enhanced and extended continuously to 
the glycerol corne7. 
For the system in which the 90/10 weight ratio for the 
glycerol/water mixture was used as a solvent, the continuous 
isotropic solution was interrupted and separated into two 
.._ . .): 
isotropic solutions. The inverse hexagonal liquid crystal 
region was quite similar to the glycerol system. The lamellar 
liquid crystal region was slightly smaller. 
A further reduction in the two isotropic solutions was 
observed when a 75/25 weight ratio of glycerol/water mixture 
was used as the solvent. The solubilities of the solvents were 
increased in both the inverse hexagonal and lamellar liquid 
crystal regions. A system involving a 50/50 weight ratio of 
glycerol/water showed the same tendency. 
i 
The interlayer spacings of the lamellar liquid crystals 
in systems of 100% glycerol and solvent of glycerol/water 
(90/10) mixture were measured with re~pect to fixed ratios of 
p-xylene/solvent. Two different weight ratios of p-
xylene/solvent (e.g. 10/90 and 5/95) were chosen for 
comparison. The plots of interlayer spacings versus the 
weight ratio of solvent c·o.ntent are given in figure 18 and 




• 1 00% glycerol 
~ 90% glycerol 
1 - 4>sorvent 
(wt ratio) 
Figure 18. The in~erlayer spacing of the lamellar liquid 
crystal with glycerol or glycerol/water (90/10 
weight ratio) as a solvent in combination with 
p-xylene and Aerosol OT at fixed solvent/ 
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CG • 1 00% glycerol "1: CD - 30 ~ A 90% glycerol 
(wt ratio) 
Figure 19. The inter1ayer spacing of the lamellar liquid 
crystal with glycerol or glycerol/water (90/10 
weight ratio) as a solvent in combination with 
p-xylene and Aer~sol OT at fixed solvent/ 
p-xylene weight ratio (90/10). Where f is weight 
fraction. 
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glycerol system showed a lower interlayer spacing than the 90-z 
glycerol system for both ratios of p- xylene/ solvent. The 
values extrapolated to zero solvent content were the same for 
both 1004 and 904 glycerol and different for the different 
ratios of p-xylene/solvent. The value for the p-
xylene/solvent ratio equal to 10/90 was 20.5 A and for the 
5/95 ratio was 17.6 A. When the interla¥er spacings were 
plotted as a function of the volume ratio of solvent, the two 
systems were nearly identical (Figure 20,21). 
In a solution system, the diffusion of material A can 
occur because of a concentration gradient of A. Thus the mass 
flux of A relative to the mass-average velosity is 
where 
JA=-pA(vA-v) 
j A= mass flux of material A 
p A= the mass of A per unit volume of solution 
v A= the velocity of A with respect to 
stationary coordinate axes 
v= the total mass average velocity of system 
Now, the diffusion coefficient of A, DA' can be defined by the 
Fick's first law: 
JA=-pdAvwA 
where p= total mass density of the solution 
w A= mass fraction 
50 
• 1 00% glycerol 
A 90% glycerol 
15--~_.~~~~~~~~~~-L~~--· 
1.0 1.4 
__ CI\.......,o ..... lv .-e....,nt ..... _ (vol. ratio) 
1 - ~olvent 
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Figure 20. The interlayer spacing of the lamellar liquid 
crystal with glycerol or· glycerol/water (90/10 
weight ratio) as a solvent in combination with 
p-xylene and Aerosol OT at fixed solvent/ 





• 1 00% glycerol 
A 90% glycerol 
(vol. ratio) 
Figure 21. The interlayer spacing of the lamellar liquid 
crystal with glycerol or glycerol/water (90/10 
weight ratio) as a solvent in combination with 
p-xylene and Aerosol OT at fixed solvent/ 
p-xylene weight ratio (90/10). Where • is volume 
fraction. 
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From the Fick's first law, one can know that the higher the 
diffusion coefficient • the faster the diffusion rate. 
Some samples in the glycerol/water (75/25), glycerol, 
and water systems were prepared for diffusion coefficient 
measurements by 1H-NHR. The results are shown in Table III. 
The diffusion coefficient of the hydrophilic species, 
glycerol, increased with increasing glycerol/water 
concentration in both fixed ratios of Aerosol OT/p-xylene. 
The glycerol also diffused faster in the higher ratio of 
Aerosol OT/p-xylene. The p-xylene diffused much slower in the 
higher ratio of Aerosol OT/p-xylene. 
B. DIFFUSION OF 2, 4- DIAMINO- 6- PIPERIDINQPYRIHJ_!)Jf!_E- ~ -~ QJS)_DE 
IN A MODEL SEBUM IN CONTACT WITH A L~QUID 
CRYSTALLINE VEHICLE 
The diffusion coefficient of 2,4-diamino-6-
piperidinopyrimidine-3-oxide was measured for three 
different systems. The system(l) composed of the liquid 
crystalline vehicle with 2,4-diamino-6-piperidinopyrimidine-
3-oxide in the upper cylinder and the liquid crystal without 
2,4-diamino-6-piperidinopyrimidine·J-oxide in the lower 
cylinder. The system (II) composed of model sebum with 2,4-
diamino-6-piperidinopyrimidine-3-oxide in the upper cylinder 
and model sebum without 2,4-diamino-6-piperidinopyrimidine-
. . 
3-oxide in the lower cylinder. The system (III) composed of 
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the liquid crystalline vehicle-containing ll 2,4-diamino-6-
piperidinopyrimidine-3-oxide in the upper cylinder and model 
sebum without 2,4-diamino-6-piperidinopyrimidine-3-oxide in 
the lower cylinder. The measured concentrations of 2,4-
diamino-6-piperidinopyrimidine-3-oxide versus the distance 
at different time intervals were plotted and are given in 
figures 22-24 f~r systems (I) to (IIIJ respectively. 
1. Calculation of Diffusion Coefficient 
The second equation of Fick states that 
(15) 
where C = the concentration of diffusion substance 
(i.e. 2,4-diamino-6-piperidinopyrimidine-3-oxide) 
D = diffusion coefficient 
x = the distance along the diffusion axis 
t = the diffusion time Fick's equation is assumed to 
hold in these systems and D is assumed constant. In systems 
... 
(I). and (II), x is set to equal zero at the interface and in 
the region x>O the material is at a uniform concentration of 
2,4-diamino-6-piperidinopyrimidine-3-oxide 
region x<O the concentration of 
c , 
0 
and in the 
2,4-diamino-6-
piperidinopyrimidine-3-oxide is initially zero. When two 
Figure22 
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Concentration profile of 2,4-diamino-6-piperi-
dinopyrimidine-3-oxide as a function of distanc~ 
from the initial dividing surface at different 
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Concentration profile of 2,4-diamino-6-piperi-
dinopyrimidine-3-oxide as a function of distance 
from the initial dividing surface at different 
time for the -Vehicle-Model sebum system 
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cylinders are in complete contact. The following boundary 
conditions apply: 
c = c /2 at X = 0 for t > 0 0 
c : 0 at X =-- for t > 0 
c = c at X = - for t > 0 0 
Equation (15) with the boundary conditions, can be solved by 
the combination of variable method. The explicit expression 
of the concentration of the diffusion material-2,4-diamino-6-
piperidinopyrimidine-3-oxide is given as follows. 
C = (C /2) (1 • T(x/l4Dt)) 
0 
for x > 0 
for x < 0 (16) 
where T(x//4Dt) is an error function. 
Since the distance, x, the concentration Cat time t and 
initial concentration C are known from the experiment, the 
0 
diffusion coefficient, D, can be obtained by solving equation 
(16). 
for x < 0 
and 
for x > 0 
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* where + is the inverse error function. The calculations were 
made by using the values shown in figure 22 and figure 23. The 
values of the diffusion coefficients obtained give an average 
of D = 1.14 x 10-S cm2/sec for system (I), and D: 1.31 x 10-a 
cm2 /sec for system (II). 
Now consider the diffusion of 2,4-diamino-6-
piperidinopyrimidine-3-oxide in system (III) in which two 
different media are present. In this case, the diffusion 
coefficients in both sides are not the same. Suppose x=O at 
the interface and in the region x>O, the diffusion coefficient 
the concentration is c
1 
for 2,4-diamino-6-
piperidinopyrimidine-3-oxide and in the region x<O, the 
diffusion coefficient is n2 , the concentration of 2,4-
diamino-6-piperidinopyrimidine-3-oxide is c2. 
Due to the interface resistance, the boundary condition 
at the interface becomes: 
at x = 0 
at x = 0 
where K is the ratio of the uniform concentration in the 
region x<O to that in the region x~o when the final 
equilibrium is attained. This condition expresses no 
accumulation o'f 2 ,4-di'a_mino-6-piperidinopyrimidine- 3-oxide 
at the boundary. 
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The expression of concentration in this case is given by 
Crank (lj7) as follows: 
X > 0 
X < 0 
From the data points in figure 24, a regression can be 
made and 0
1 
= 6.68 x 10-a cm2 /sec is obtained for the dif.fusion 
of 2.4-diamino-6-piperidinopyrimidine-3-oxide in the liquid 
-8 2 
crystalline vehicle region. o
2 
= 4.16 x 10 em /sec is 
obtained in the model sebum region. and K equals 0.423. 
In system {III), if it is assumed that there is no 
interfacial resistance, and c1=c2 =0.5 at the interface, the 
boundary condition at the interface becomes 
at x = 0 
at x · = 0 
The concentrations of 2,4-diamino-6-piperidinopyrimidine-3-
oxide thus become: 
X > 0 
X < 0 
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By making a regression from the data points of figure 24, n 1 = 
1.67 x 10-S cm2/sec for the 2,4-diamino-6-
piperidinopyrimidine-3-oxide in the liquid crystalline 
vehicle region and D2 = 2.02 x 10-
8 cm2 /sec for 2.4-diamino-6-
piperidinopyrimidine-3-oxide in model sebum region are 
obtained-. 
TABLE III 
Diffusion Coefficients and Sample Compositions in 
Systems of Aerosol OT and p-xylene in combination 
with glycerol or water or glycerol/water (75/25 
weight ratio) as a solvent 
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a: Not observed due to fast T2 relaxation, line 
brooding. or low peak intensity. 
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TABLE III (Cont.) 
Sample No. 6 7 8 9 10 
p-xylene/Aerosol OT 55/45 55/45 27/73 27/73 27/73 
Composition {wtl) 
Aerosol OT 27.5 21.6 51.1 43.6 58.2 
p-xylene 33.7 26.4 18.9 16.1 21.5 
Glycerol 
Glycerol/water (75/45) 38.9 52.0 30.0 40.3 
Water 20.3 
Diffusion Coefficient 
-10 2 {10 ~ /sec) 
0Aerosol OT 0.63 0.84 a 2.31 0. 73 
D p-xylene 5.65 5.95 4.71 3.61 2.77 
D glycerol 0.48 0. 71 1.28 1. 82 
a: Not observed due to fast T2 relaxation, line 
brooding, or low peak intensity. 
• 
VIII. DISCUSSIONS 
A. PHASE BEHAVIOR OF AEROSOL OT-P-XYLENE-GLYCEROL/WATER 
SYSTEM 
111 
The major difference between Aerosol OT-Glycerol and 
Aerosol OT-water binary systems is the mutual solubilities of 
Aerosol OT and solvent. The water is disso~ved in Aerosol OT 
to a large extent (18 wtl), but only solubilizes the Aerosol 
OT to 3 weight percent. On the contrary, the glycerol is 
difficult to solubilize in Aerosol OT (within 3 wt%) but can 
dissolve Aerosol OTto a large amount (35 wt%). 
When the .third component, p- xylene, is added the area of 
inverse hexagonal liquid crystal extends only insignificantly 
from the Aerosol OT corner in the glycerol system as compared 
to the water system which shows an extension to 54 wt4 water 
content. These differences are directly related to the 
solubility and association behavior in binary glycerol-
surfactant systems where no hexagonal structure is formed. 
When the mixtures of glycerol/water with different 
weight ra.tios are used as solvents (Figures 13-15) with 
increasing water content, the phase behavior tends to be 
similar to the water system. When the isotropic solution 
regions are compared the reduction in area indicates that the 
water and glycerol have the same influence on the non-polar 
organic solution region (i.e. p-xylene solution). In the 
solvent isotropic solution region, the major effect in 
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association of the solvent with Aerosol OT and p-xylene is due 
to water. On the contrary, the presence of glycerol dominates 
the inverse hexagonal liquid crystal region. 
It appears that all these change are a consequence of one 
factor. The glycerol has an enhanced molecular interaction 
with the hydrophobic groups in comparison with water. Such a 
difference precedes to an enhanced penetration of glycerol 
into the hydrocarbon part of the surfactant. The enhanced 
penetration of glycerol causes an increase in the cross-
sectional area of the surfactant. which in turn lowers the 
amount of polar solvent needed to change structures from 
inverse hexagonal to lamelli'.r to normal micelles. Such a 
change also leads · to the destabilization of all the liquid 
crystals at a lower percentage of glycerol and glycerol/water 
than that of pure water. 
The lower limit of solvent content for the lamellar 
liquid crystal is in the sequence of glycerol ( 35 wt%), 
glycerol/water with 90/10 weight ratio (34 wt%)t 
glycerol/water with 75/25 weight ratio (33 wt%)t 
glycerol/water with 50/50 weight ratio {31 wt%) and water (29 
wt%). These solvent contents for the start of the lamellar 
liquid crystalline region along the Aerosol OT solvent axis 
are identical {-31 voll) if a diagram is drawn according to 
volume fraction instead of weight fraction. 
The interlayer spacings of lamellar liquid crystals for 
both Aerosol OT-glycerol and Aerosol OT-water system have 
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beendetermined (138) and are in figure 25. Figure 25 shows a 
lower interlayer spacing in the glycerol system than that in 
the water system. The smaller increase with added solvent 
indicates an enhanced disorder of the amphiphilic chains due 
to higher penetration of the solvent. The latter factor per se 
means a reduction in interlayer spacing, but it is difficult 
to perceive that fac.~or operating without: an accompanying 
disordering of the amphiphilic chains. Both systems give the 
same extrapolated value of 20.5 A at zero solvent content. 
This indicates that the organization of the amphiphile chains 
per se is identical in the glycerol and water systems. 
Figures 18 and 19 exhibit the interlayer spacings versus 
the weight ratio solvent content for systems of glycerol and 
glycerol/water (90/10) solvent with fixed ratios of p-
xylene/solvent. 
The glycerol system shows lower interlayer spacings than 
those of the glycerol/water system for both fixed ratios of p-
xylene/solvent. The lower interlayer spacings indicate the 
presence of water can reduce the penetration of glycerol. This 
may be du~ to the fact that water molecules are bound by the 
Aerosol OT polar groups to a greater extent than the glycerol 
molecules. These bound water molecules thus interfere and 
reduce the amount of glycerol molecules that penetrate 
through amphiphilic polar groups to locate between the 
amphiphile molecules. Another factor is that the water 
molecule itself may penetrate less into amphiphilic molecules 
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Aerosol- OT 
Figure 25. The interlayer spacing in the lamellar liquid 
crystal in systems of Aerosol OT with water 
or glycerol (138). 
115 
than the glycerol molecules, thus, when partial amounts of the 
glycerol are replaced by water the total amounts of solvents 
that penetrates into the amphiphi le are also reduced. 
The extrapolated values at zero solvent content are 
identical for both glycerol and glycerol/water systems. This 
implies that the presence of glycerol and water does not 
influence the organization of amphiphile or·the influence is 
of the same order. 
On the contrary, the extrapolated values at zero solvent 
content are distinct at different p - xylene/solvent weight 
ratios. The weight ratio 5/95 of p-xylene/solvent gives the 
extrapolated value of 17.6 A which is smaller than that of the 
10/90 weight ratio of p-xylene/solvent (20.5 A). 
This difference shows that the existence of p-xylene 
influences the arrangement of amphiphile molecules. It can be 
seen from the extrapolated values that the 5/95 weight ratio 
p-xylene/solvent induces much more disorder in the 
arrangement of amphiphile molecules than the 10/90 weight 
ratio p-xylene/solvent. This implies that the p-xy1ene 
molecules .are preferably located between the amphiphile 
molecules. Thus, when the amount of p-xylene is small, more 
space is available for the hydrocarbon chains of the 
amphiphiles to move around i.e. the disorder of the amphiphile 
molecules is enhanced. When the amount of p-xylene is 
increased the available space is occupied by the added p-
xylene molecules and this then reduces the space for .the 
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hydroca~bon chains to move around and the arrangement of 
amphiphile molecules is more ordered. 
The preferable location of p-xylene molecules between 
amphiphile molecules can also explain the phenomena that the 
rate of increase in interlayer spacing with increasing 
solvent amount is ~lower for the 5/95 p-xylene/solvent weight 
ratio than the 10/90 weight ratio of p~xylene/solvent (Figure 
18,19). This is due to the fact that the location of p-xylene 
between the amphiphile molecules has the effect to prohibit 
the penetration of solvent molecules since the position has 
already been occupied. Thus, the 10/90 weight ratio p-
xylene/solvent which has more p-xylene located between 
amphiphiles induces more of the added solvent to stay between 
the amphiphilic layers and increases the interlayer spacings 
more rapidly than that of 5/95 weight ratio p-xylene/solvent. 
When the interlayer spacings are plotted as a function of 
the volume ratio of solvent (Figures 20 and 21), the two 
systems of glycerol and glycerol/water give identical lines. 
This means the observed differences in interlayer spacings 
between the two different systems is caused by their density 
difference. Once the density factor is corrected, the two 
systems show almost identical interlayer spacings. 
The proton-NHR technique was employed to obtain 
multicomponent self·diffusion · data for microemulsion 
systems. The study of self~diffusion measurements was found 
to be useful in order to explore the microscopic structure of 
• 
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these systems (139·143). The underlying principles and the 
relevant background information is as follows. Molecular 
motion within a micelle (translation, reorientation, chain 
flexibility) is almost as rapid as in a liquid hydrocarbon and 
likewise in an inverse micelle, 
counterions are highly mobile (144). 
water molecules and 
In a lamellar 1 iquid 
crystal all motions? appear to be very ra~id in the direction 
of the lamella while in the perpendicular direction 
translational motion is relatively slow (145). Most 
significantly, it appears to be a general feature of 
surfactant systems that the molecules or ions move freely 
within a domain. For many aqueous microemulsions it is 
characteristic that there is a rather distinct spatial 
separation between hydrophilic and hydrophobic domains. Under 
these conditions the passage of species between different 
regions is an improbable event and thus occurs slowly. The 
consequence of this is that self-diffusion can be rapid or 
slow depending on the geometrical properties of the inner 
structure of the phase. For example., a phase which· is water 
but not· oil continuous should exhibit rapid diffusion of 
hydrophilic components while hydrophobic ones should be 
diffusing slowly. The reverse situation should apply for a 
phase which is oil continuous but water discontinuous, while a 
bicontinuous phase should give rapid diffusion of all 
components. 
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In addition to the geometrical dependence, the self-
diffusion coefficients are also dependent on the 
concentration3 of components. With increasing concentration 
of the discontinuous parts, the diffusion coefficient of the 
continuous medium should decrease due to an obstruction 
effect arising from an increasing volume fraction of the 
aggregates while that of the .discontinuous part should 
decrease also due to increasing interaggregate interactions 
(e.g. electrostatic). 
Very recently some non-aqueous microemulsion systems 
have been reported independently by Friberg (111). Rico 
(112), and Robinson (113). These non-aqueous microemulsions 
were first suggested to have the same microcopic structure as 
the aqueous microemulsions. However. this assumption based on 
the similarity of phase regions between aqueous and 
nonaqueous systems is considered to be premature and a 
suggestion of simple molecular solutions with critical 
behavior has recently been proposed by Friberg ( !.38). 
With this in mind, a comparison was made between the 
measured self-diffusion coefficients which are listed in 
Table III for 75/25 weight ratio glycerol/water, glycerol. 
water systems. 
The samples 1 to 4 .prepared in the glycerol system show 
the self-diffusion coefficients of Aerosol OT and p-xylene to 
decrease with the addition of glycerol. This is due to the 
fact that the added glycerol increases the viscosity of the 
• 
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system since an enhanc~d the viscosity has a negative effect 
on diffusion. 
Sample 10 gives the self-diffusion value of Aerosol OT to 
be 0.73 x 10-lO m2 /sec for the water system which can form a 
1111licroemulsion". The value is considered to be the self-
diffusion coefficient of the aggregates. When this value is 
compared to the values of Aerosol OT for sampres 2 and 5-7, the 
self-diffusion values for Aerosol OT in samples 2 and 5-7 are 
of the same order of magnitude as the aggregate. This suggests 
that in the systems of glycerol/water (75/25) and glycerol 
systems may have the possibility to form .. microemulsion". Of 
course, these Yalues of Aerosol OT may be contributed to the 
increased viscosity due to the added glycerol. A definite 
conclusion cannot be drawn without further experimentation. 
B. DIFFUSION OF 2 ,4-DIAMIN0-6-PIPERIDINO~_Y_I~J!'1ID~NE_:_}: .Q~J_I?~ 
IN MODEL SEBUM IN CONTACT WITH A .~~QUID 
CRYSTALLINE VEHICLE 
The diffusion coefficients measured by the procedure 
described in section V part 8 are the overall diffusion 
coefficients. The given overall diffusion coefficients are 
different from those measured by the NMR method. The values 
found by NMR are due to the local diffusion parallel to the 
layers. The values reported here are bulk volumes for a body 
of the liquid crystal in which layers have orient ions varying 
in all direct ions. 
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A completely statistical distribution of diffusion 
directions in space would reduce the diffusion coefficient. 
By assuming equal distribution in all directions and 
neglecting the diffusion perpendicular to the plane of the 
layer, the total diffusion coefficient measured in this 
investigation {Dbot) can be related to the local value as 
determined by NMR (ONMR) by average the DNMR over all angles. 
The relationship can be expressed by the following equation: 
Dtot ~ (/~/ 2 DNHR sinO dO) / (n/2) 
i.e. = (2/n) JD/l sinO dO = 
0 
2/fl 
Thus the overall diffusion coefficient should be smaller than 
the diffusion coefficient determined by NHR. 
In addition, the present results give essential 
information about the interfacial resistance between the 
carrier liquid crystalline phase and the model sebum. With the 
limited information available it is obvious that the 
"interface resistance" is due not only to a local potential 
well at the interface but also to back diffusion by model 
sebum components into the vehicle. 
The diffusion coefficients determined on both sides of 
the liquid crystalline vehicYe-model sebum interface is 
greater than those with r~spect to the liquid crystalline 
vehicle-liquid crystalline vehicle system and model sebum-
• 
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model sebum system. However, this effect was significantly 
reduced by the interfacial resistance from 2004 to 60%. 
With this information a direct strategy for an optimal 
delivery system is immediately evident. Components, which 
enhance diffusion into the sebum should be used in the liquid 
crystal vehicle and the back diffusion of components into the 
1 iquid crystal from the sebum should be rest~icted. 
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IX. CONCLUSION 
In comparison with water, the enhanced molecular 
interaction of the glycerol with the amphiphile hydrocarbon 
chain produces a labile and indefinite interface between the 
hydrophobic and hydrophilic groups in systems. Such an effect 
leads to the destabilization of all the liquid crystalline 
phases, especially in the inverse hexagonal liquid crystal 
region in systems containing the polar organic solvent 
glycerol. Hence, not only the amphiphile but also the nature 
of the solvent has significant effects on the amphiphile 
association behavior. 
The measurement of the diffusion coefficient for 2,4-
diamino-6-piperidinopyrimidine-3-oxide shows that the 
diffusion coefficient of Minoxidil in the model sebum was 
greatly enhanced when the model sebum was in contact with the 
liquid crystal. In fact the diffusion constant was increased 
more than three times, but this gain was diminished by an 
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